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ABSTRACT 


The current study aims to employ an ecologically sustainable method, 
utilizing a plant-based extract derived from Mimusops elengi as both a 
reducing and capping agent. Synthesis of zinc oxide nanoparticles (ZnO 
NPs) was done from aqueous leaves and flower extracts of Mimusops 
elengi. Different spectroscopic techniques were used to characterize these 
biosynthesized (ZnO NPs) zinc oxide nanoparticles like UV-visible, FTIR, 
XRD, SEM, and EDX techniques. UV-visible spectroscopy showed the 
absorption wavelength of ZnO NPs at 353nm (leaves extracts) and 365nm 
(flowers extracts). FTIR spectra showed the absorption frequency of 
different functional groups present in plant extract along with ZnO peak at 
637cm! (leaves extracts) and 643cm'! (flowers extracts). XRD results 
revealed the hexagonal structure and crystalline nature of biosynthesized 
ZnO NPs. The average grain size calculated for ZnO NPs of leaves and 
flower extracts was 10.37 and 15.52nm, respectively. SEM analysis showed 
a hexagonal shape. EDX confirmed the formation and purity of ZnO NPs 
by showing an abundant 96 of zinc and oxygen atoms. The significant 
bactericidal efficacy of biosynthesized ZnO NPs was found against 
pathogens Escherichia coli and Staphylococcus aureus. When compared to 
ZnO nanoparticles from flower extracts and biosynthesized ZnO 
nanoparticles from leaf extract exhibited substantial suppression. ZnO-NPs 
synthesized from leaves and flower extracts of Mimusops elengi can be 
subjugated for biomedical and ecologically sustainable applications. 
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1. INTRODUCTION 


In 1959, at the California Institute of Technology (Caltech), a Nobel 
Laureate, Richard Feynman presented a notable speech during a conference 
hosted by the American Physical Society titled: There's Plenty of Space at 
the bottom [1], in which he explored the groundbreaking concept of 
nanotechnology and the potential for crafting intricate molecular machines 
with atomic accuracy. Nanotechnology is the atomic-scale manipulation of 
matter and has applications in various fields. Nanoparticles (NPs) are 
microscopic particles made up of both organic and inorganic materials [2]. 
Due to their tiny size (1-100 nm), high energy at the surface, and larger 
(S/V) surface area to volume ratio, their catalytic capabilities and 
interaction with other molecules increased, significantly [3]. 


In the last decade, comprehensive research concerning metal oxide 
nanoparticles has been emphasized due to their myriad applications in 
several technology sectors. Zinc Oxide (ZnO NPs) is one of the materials in 
nature that show great diversity in the structure, of all known materials and 
is an interesting inorganic material with several advantages in current laser 
medical, biomedical, and optoelectronic technology [4—7]. ZnO NPs аге 
categorized as a semiconductor in material science because of their covalent 
and ionic bonds. Due to a large energy band (3.37 MeV) and broad energy 
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bond (60MeV), ZnO NPs have captivated a lot of consideration because of 
their high mechanical capabilities and thermal stability at ambient 
temperature. ZnO NPs are more appealing and effective in current laser 
medical technology, electronics, and optoelectronic technology because of 
this significant characteristic [5]. 


Figure 1. Some Appealing Properties of Zinc Oxide Nanoparticles 


Zinc Oxide nanomaterials possess a range of structures, which act as a 
novel material and have potential uses in a number of nanotechnology 
sectors. These particles have showed the potential to photo-oxidize and 
photo-catalyze chemical reactions and biological species, as a result of this 
ability, they are a key player in cancer therapy [8]. 


ZnO is one of five chemicals that are classified as "generally regarded 
as safe". ZnO has been widely utilized in cosmetics, sunscreens, lotions, 
medication delivery, and bio-imaging due to its bio safe and biocompatible 
characteristics [3]. ZnO NPs have been explored as an antibacterial and 
anticancer agent in several other research investigations [7]. 


Several techniques are reported for the synthesis of nanoparticles, which 
are classified into three types: Physical (mechanical), chemical, and 
biological [9]. Green synthesis is a relatively recent phrase that refers to the 
employment of ecologically sustainable methods for the creation of new 
products that do not affect the environment. In physical and chemical 
methods dangerous substances are being absorbed on the surface [10]. 
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As physical and chemical procedures became more expensive day by 
day, the necessity for biosynthesis of nanoparticles emerged as a new trend. 
Chemical synthesis processes usually result in dangerous substances being 
absorbed on the surface, which may have negative consequences in clinical 
uses [11, 12]. In order to find cost-effective ways to make nanoparticles, 
scientists turned to microbial enzymes and plant extracts (phytochemicals), 
which are generally responsible for the reduction of metals into their 
respective nanoparticles, due to their antioxidant or reducing capabilities. 
Green synthesis is less expensive, more eco conscious, and simpler for high 
yield production than chemical or physical synthesis as it does not need the 
use of high pressure, power, temperature, or dangerous substances. 


The current study focused on the leaves and flowers of Mimusops elengi 
Linn. (M. elengi), which is a fragrant ornamental tree belonging to the 
Sapotaceae family. Hindus regard Mimusops elengi as a holy plant and a 
symbol of love and beauty [13]. The bark of Mimusops elengi is used as a 
cooling agent, a cardiotonic, the blossoms are used to treat asthma, and are 
smoked [14]. The fruit of Mimusops elengi is edible; it has astringent 
properties, is excellent for the teeth and produces flatulence, the seed is used 
to repair loose teeth and to treat headaches [15]. The phytochemicals present 
in the aqueous extract of Mimusops elengi, functions as an oxidizing, 
reducing, and stabilizing agent for the biosynthesis of these zinc oxide 
nanoparticles (ZnO NPs). 


2. MATERIALS AND METHOD 


Chemicals: Zinc acetate dihydrate [Zn (C2H302)2.2H20] and sodium 
hydoxide (NaOH) were purchased from Sigma-Aldrich 


All of the reagents and solvents used for this research work were of 
excellent analytical quality and purchased from Sigma-Aldrich. Solvents 
were refined by distillation before usage. The leaves and flowers of 
Mimusops elengi were collected from Baagh-e-Jinnah, Lahore, Pakistan. 


2.1. Aqueous Extraction of Leaves and Flowers of Mimusops elengi 


Freshly collected leaves and flowers of Mimusops elengi were 
scrupulously washed with water to remove debris on the surface and then 
rinsed with distilled water. After that, leaves and flowers were shade-dried 
for a week, weighed (12g), and crushed to a fine powder, separately. Then, 
the powder of leaves and flowers was mixed and heated with 100 mL 
distilled water at 20°C for an hour, while swirling constantly with vigorous 
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stirring, separately. The mixtures were filtered twice, first with muslin cloth 
and once with Whatman No. 1 filter paper, separately. Dark green extracts 
(leaves) and pale orange extracts (flowers) were obtained and stored at 4 °C 
for further processing. 


2.2. Preparation of Salt Solution 


5.48g of zinc acetate dihydrate was dissolved in 100 mL of distilled 
water to produce 0.25M zinc acetate dihydrate (Zn (C2H302)2.2H20) 
solution. 


2.3. Green Synthesis of Zinc Oxide Nanoparticles 


A 100 mL of 0.25M zinc acetate dihydrate (Zn (C2H302)2.2H20) 
solution was mixed with 50 mL leaves extract and 50 mL flowers extract in 
a 250 mL flask, separately. The colour of the mixture changed from dark 
green to brown for the leaves and pale orange to brown for the flower 
extracts after 1 hour of incubation at 40°С with continual shaking, 
suggesting that green manufactured zinc oxide nanoparticles had been 
generated. Then 0.02 M NaOH was added drop by drop to keep the pH of 
the solution at 12. As a result, bio-reduced salt sank to the flask's bottom. 
After that, the sample was washed with distilled water before being exposed 
to ethanol. The washing procedure was repeated three times to ensure that 
all contaminants were eliminated. The washed ZnO NPs were then oven- 
dried for 24 hours at 60°С. The powdered ZnO NPs were then Кері for 
future analysis. 


2.4. Antibacterial Assay 


The antibacterial activity of biosynthesized ZnO nanoparticles was 
tested using two bacterium strains. The antibacterial activity was measured 
using the Agar well diffusion method. The antibacterial activity of 
biologically produced zinc oxide (ZnO) nanoparticles against gram-positive 
(Staphylococcus aureus) and gram-negative (Escherichia coli) bacterial 
strains was tested. Three wells were made on each agar plate, added 10 uL 
ZnO NPs, Ciprofloxacin (standard reference), and left it for 24 hours. 


3. RESULTS AND DISCUSSION 
3.1. Characterization Techniques 


UV- Visible Spectroscopy (Ultra-3000), Fourier transforms infrared 
(FTIR) spectroscopy, X-ray Diffraction (XRD) (Bruker AXS D8), Scanning 
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Electron Microscopy (SEM) (HITECH-3400-N), and Energy dispersive X- 
ray (EDX) analysis was used to characterize the synthesized zinc oxide 
nanoparticles (ZnO NPs). 


3.2. UV-Visible 


The UV-visible spectra were recorded on an Ultra 3000 UV-Vis 
spectrophotometer for these green synthesized ZnO NPs. The 
spectrophotometer was allowed to scan at wavelength ranges from 200- 
800nm. The Amax at 353 nm (a) and 365 nm (b) [16] depicts the Surface 
Plasmon Resonance (SPR) phenomena when the ground state non-bonding 
electrons excited to a higher energy state [17, 18], as a result, a change in 
colour was noticed from dark green to brown, while the colour of the flower 
extract changed from pale orange to light brown. The monodispersed 
character of NPs distribution is confirmed by the strong absorption peaks of 
ZnO. 


353nm 


IZnNONPs leaf| IZnONPs flower] 


400 500 600 7 вс 2 x 400 500 600 
Wavelength (nm) Wavelength (nm) 


Figure 2. UV-Vis Spectra: (a) Zn ONPs for Leaves Extract and (b) Zn 
ONPs for Flower Extract 


3.2... Fourier Transforms Infrared (FTIR). Fourier transforms 
infrared spectroscopy (4000-400 ст!) was used to categorize functional 
groups in aqueous extract and zinc oxide nanoparticles (ZnO NPs). (FTIR) 
spectrum of biosynthesized Zn ONPs was used for the leaf extract, which is 
given in Figure 3. By using the FTIR technique, the phytochemical 
composition of biomolecules resulted in the reduction and stability of ZnO 
NPs. The broad peak at 3085cm'! links to the ОН [19] group of carboxylic 
acid along with C=O stretching at 1560cm'! [20]. The peak at 1560cm'! may 
also be due to the N-H bending of alkaloids or the N=O group showing 
asymmetric stretching vibrations. The peak at 2313ст ! resulted from =C- 
Н stretch of aromatic aldehyde. The sharp peak at 1408cm'! showed 
symmetric stretching of the N=O bond or C-N stretch and the peak at 
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1014cm' was because of C-O stretching vibration [21], which represent 
acidic, alcoholic, phenolic, and aromatic nitro compounds. The fingerprint 
region of the spectrum contained a peak at 637cm-1 confirming the presence 
of Zn-O. Previous literature has reported, the range of 400-500 cm-1for the 
absorption bands [22] or for higher frequencies, however, 608-731 cm'! [23] 
were indicated for the distinctive peaks for ZnO vibrations. 
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Figure 3. FTIR Spectrum of ZnO NPs (leaves Extract) 


Figure 4 shows the IR spectrum of zinc oxide nanoparticles for the 
flower extract. It showed some characteristic peaks, which were observed 
because phytochemicals exist in extract and are accountable for 
nanoparticle fabrication and maintenance. The broad peak at 3120cm'! was 
because of the phenolic or alcoholic hydroxyl (OH) group. A small peak at 
2868cm'! resulted from —CH stretching frequency. The high-pitched peak 
at 1609cm-1 was observed due to carbonyl stretch, aromatic С=С 
stretching, or М-Н bending vibrations. Another sharp peak at 1326cm'! 
showed the presence of the C-N group as well as the amide band of proteins 
[24]. The medium-strong peak at 1103cm'! links to a stretch of the C-O 
bond. The signal at 643cm'! was caused by a Zn-O link, indicating that zinc 
oxide nanoparticles were synthesized [23]. 
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Figure 4. FTIR Spectrum of ZnO NPs (Flowers Extract) 
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3.2.2. X-ray Diffraction. XRD examination was done to evaluate the 
crystallographic nature and phase purity of these biosynthesized zinc oxide 
nanoparticles (see Figure 5). The XRD peaks of ZnO NPs for the leaves 
extract diffracted at 20 angle are 31.63?, 34,319, 37.12°, 47.80°, 57.68°, 
63.52° , and 68.84? that showed 100, 002, 101, 102, 110, 103, and 112 
Miller indexes planes, respectively. The obtained peaks were consistent 
with those reported in [25]. The hexagonal wurtzite structure of zinc oxide 
nanoparticles is represented by all sample's diffraction peaks. Planes of 
hexagonal ZnO nanoparticles significantly matched with standard card 
values (JCPDS PDF No 36-1451). The size of the crystalline nanoparticles 
was enumerated by using ће Debye- Scherrer formula [25, 26]. 
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Figure 5. XRD Graph of ZnO NPs (Leaves Extracts) 


The X-ray diffraction peaks of green synthesized zinc oxide 
nanoparticles for the flower extract given in Figure 6 at 20 diffracted angle 
are 32.93, 34.70, 37.68, 49.25, 57.67, 63.86, and 69.98 exhibiting 100, 002, 
101, 102, 110,103,and 201 Miller indexes planes, respectively. The Peak 
search approach was used to compare the peak pattern with the previously 
reported patterns (found in the library), confirming that the synthesized 
product has a hexagonal structure due to its distinctive pattern. The 
crystalline nature of ZnO NPs was revealed by the strong peaks. The single- 
phase purity of the ZnO NPs is also shown by the placement and sharpness 
of the peaks [27]. The obtained peaks were consistent with those reported 
in [25]. The average size calculated was 15.52 nm (Debye Scherrer 
equation). 
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Figure 6. XRD Graph of ZnO NPs (Flowers Extracts) 


3.2.3. Scanning Electron Microscopy (SEM). Тһе surface 
morphology of ZnO NPs from leaves and flower extracts was hexagonal 
wurtzite (see Figure 7). The average grain size calculated for ZnO NPs of 
leaves and flower extracts was 10.37 and 15.52nm, respectively. SEM 
analysis showed a hexagonal shape. Altered forms of ZnO NPs have 
previously been observed, with sphere-shaped, hexagonal, and flower-like 
shapes being the most prevalent among them [28, 29]. 
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Figure 7. SEM Images of ZnONPs Leaves and Flowers Extracts 


3.2.4. Energy Dispersive X-ray (EDX). This technique was utilized to 
recognize different types of elements present in the selected sample. This 
study revealed that the current sample contains a significant amount of zinc 
(52.94% in the leaf and50.96% in the flower) and oxygen (40.94% in the 
leaf and 40.0896 in the flower) with a trace amount of C, Pb, К, С], and P 
elements. The trace elements may come from the soil and environment of 
the plant. The elemental distribution of the ZnO NPs was confirmed by the 
EDX spectra, which indicated the main peaks between 0.5-8.5 keV [30]. 
The purity of zinc oxide nanoparticles (ZnO NPs) was revealed [31] with 
high Zn and oxygen element composition and the synthesis of ZnO NPs was 
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confirmed. The purity of ZnO NPs from the leaf was 93.8896 
(40.94%--52.94%) and 91.04% (40.08%--50.96%) for the flower ZnO NPs. 


Spectrum 1 


Ф 


5 10 
ull Scale 11717 cts Cursor: 0.000 


Figure 8. EDX Spectrum of ZnO NPs (Leaves Extracts) 
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Figure 9. EDX Spectrum of ZnO NPs (Flowers Extracts) 
3.3. Measurement of Antibacterial Activity 


Biosynthesized zinc oxide nanoparticles from leaves have antibacterial 
action against pathogens of importance (see Figure 10). The antibacterial 
activity of ZnO NPs from the leaves at 100ug/mL concentration was 13mm, 
leaves extract showed 6mm, while the reference (Ciprofloxacin) was 
measured at 20mm zone of inhibition against E.coli (Gram-negative) 
bacteria. Also, S.aureus (Gram-positive) bacteria showed 15mm for ZnO 
NPs, 5mm for leaves, and 22mm zones of inhibition against the reference. 


Inhibition zones of zinc oxide nanoparticles (ZnO NPs) produced from 
Mimusops elengi flowers were equally impressive (see Figure 12). Against 
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E.coli, the ZOI for floral ZnO NPs was 10mm, 15mm for the reference, and 
3mm for the flower extract. Additionally, the ZOI against S. aureus was 
measured at 16mm for ZnO NPs 20mm for reference, and 8mm for flowers 
extract. As the size of ZnO NPs from the leaves is less as compared to ZnO 
NPs from the flowers, it showed a greater antibacterial effect. Nanoparticles' 
antibacterial activity is a size-dependent on the characteristics, which 
gradually improves when the particle size is reduced [32]. 


CR MERE. 


Gram-negative (Е coli) Ш 


Gram-negative Escherichia coli Gram-positive Staphylococcus aureus 
Figure 10. Zone of Inhibitions by Zn ONPs (Leaves Extract) 
Table 1. Measured ZOI against E.coli and S.aureus 


ZOI (mm) 
Clinical pathogenic strains Leaves ZnO NPs Reference 
extract (Leaves extracts) (Ciprofloxacin) 
(a) Escherichia coli 6mm 13mm 20mm 
(b) Staphylococcus aureus 5mm 15mm 22mm 


Figure 11. Bar Graph for the Measured Zone of Inhibition 
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Figure12. Zone of Inhibition by ZnO NPs (Flowers Extract) 
Table 2. Measured Zones of Inhibition of ZnO NPs from Flower 


Zone of Inhibition (ZOD (mm) 


Clinical pathogenic strains Flowers ZnO NPs Reference 
extract (Flowers extract) (Ciprofloxacin) 


(a) Escherichia coli 3mm 10 mm 15mm 


(b) Staphylococcus aureus 8 mm 16 mm 20mm 


Figure 13. Bar Graph Representing the ZOI against E.coli and S.aureus 


The presence of an inhibitory zone indicates that ZnO nanoparticles’ 
biocidal action involves membrane rupture with a greater rate of surface 
oxygen species, which results in pathogen loss. ZnO nanoparticles produced 
from Mimusops elengi leaves and flower extract exhibit antibacterial 
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properties. According to the findings, ZnO nanoparticles were made from 
Mimusops elengi leaf and flower extract against E.coli and S.aureus. In 
comparison to ZnO nanoparticles (flowers), biosynthesized ZnO 
nanoparticles (leaves) exhibited substantial suppression [33]. 


4. CONCLUSION 


Conclusively, this study provided a convenient and cost-effective 
method to synthesize ZnO NPs by using Mimusops elengi as a novel 
reducing and stabilizing agent. The ZnO NPs were characterized by SEM, 
UV-Vis, FTIR, XRD, and EDX spectroscopy. UV-visible spectroscopy 
showed the maxima absorption of ZnO NPs at 353nm (leaves extracts) and 
365nm (flowers extracts). FTIR spectra showed the absorption frequency of 
different functional groups present in plant extract along with ZnO peak at 
637cm-1 (leaves extracts) and 643cm-1 (flowers extracts). XRD results 
revealed the hexagonal structure and crystalline nature of biosynthesized 
ZnO NPs. The average grain size calculated for ZnO NPs of leaves and 
flower extracts was 10.37 and 15.52nm, respectively. SEM analysis showed 
a hexagonal shape. EDX confirmed the formation and purity of ZnO NPs 
by showing an ample % of zinc and oxygen atoms. ZnO NPs showed 
significant antibacterial activity against clinical pathogens Escherichia coli 
and Staphylococcus aureus. ZnO NPs synthesized from flowers showed a 
higher bactericidal impact on the tested pathogens in comparison to ZnO 
NPs synthesized, which was synthesized from leaves. Certainly, green - 
synthesized zinc oxide nanoparticles (ZnO NPs) were ecologically 
sustainable, and can be employed in various biological applications. 
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ABSTRACT 


Co-trimoxazole is a combination of trimethoprim or sulfamethoxazole. It is 
used to treat common infectious diseases, including the lung disorders, 
urinary disorders, and gastrointestinal infections. The current study was 
performed to develop a new RP-HPLC technique. The main purpose was to 
analyze SMX (Sulfamethoxazole) and TMP (Trimethoprim) in a liquid 
medium of 60mL. The analyses of SMX and TMP were performed on RP- 
HPLC with a C18 column (25 cm x 4.6 mm) packed with 5 um ODS, L1 
stationary phase, while the mobile phase consisted of methanol and water 
with a ratio of 6:4. The pH of the system was adjusted to 2.6 by using dilute 
phosphoric acid. The injection volume was 20,1, having a flow rate of 1 
mL/minute and column temperature of 40°С. The analysis of all 
chromatograms was performed at a single wavelength of 254 nm. The 
validation of the method was determined for range, precision, linearity, 
specificity, accuracy, and system suitability. This method was found to be 
more environmentally friendly with respect to the other compendial 
methods, which are used for the TMP and SMX analysis. 


Keywords: co-trimoxazole, chromatogram, RP-HPLC, sulfamethoxazole, 
trimethoprim 


1. INTRODUCTION 


Sulfamethoxazole (SMX) 15 an antibiotic drug that belongs to 
sulfanilamides [1]. It is utilized to address a range of health conditions that 
are generated within the body [2, 3]. These antibiotics can be provided to 
the body either through the mouth or by penetration through the injection 
[4]. They are quickly absorbed by the body and eliminated through the 
kidneys [5]. It 15 4-amino—N-(5-methel-1,2-oxazol-3-yl)benzene-1- 
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sulfonamide. It is insoluble in water but easily soluble in acetone and 
sparingly soluble in alcohol [5, 6]. Trimethoprim (TMP) is a known 
biological agent, which inhibits bacterial activity. It is used to treat bacterial 
infections of the respiratory and urinary systems [7]. It is 2,4-diamino-5- 
(3'4'5"-trimethoxy benzyl)pyrimidine. These are white and cream colour 
substances [8]. The antibiotic mechanism of TMP is enhanced by 
sulfonamides [9]. They are used to cure bacterial infections [10]. The 
phenomenon of supra-additive takes place by sulfonamides addition. This 
is also the most common addition of multiple combinations for two 
antibiotic medicines of sulphamides. They have synergic effects and there 
is a 5:1 ratio oftrimethoprim and sulfamethoxazole, respectively [11]. Their 
combination is known as co-trimoxazole, which is mainly used to treat lung 
disorders like pneumonia, Coccidiosis, diarrhea, and gastroenteritis. They 
are also used for hyper-alimentation in the form of an aqueous solution. 
Their injections can cure bacterial infections in cattle and horses [12, 13]. 


Previous research has described that there are many analytical tools to 
determine SMX and ТМР; either in individual form or in combination form 
[14]. A number of HPLC (high-pressure liquid chromatography) methods 
have been used for the estimation of TMP and SMX in pharmaceutical or 
biological samples [15]. Reverse phase  high-pressure liquid 
chromatography (RP-HPLC) is the most used HPLC having 65-90%, 
respectively [16]. Reasonably, its extensive use is because of its features, 
which are unity and ease of its use for handling those substances, which 
have very diverse polarity [17, 18]. Compendial methods are also used to 
know the quality level of various medicinal products. These methods are 
not validated [18, 19]. 


In this research study, the RP-HPLC method was developed and its 
validity was checked for the identification of SMX and TMP as compared 
to the compendial methods. 


2. MATERIALS AND METHODS 
2.1. Reagent and Chemicals 


Trimethoprims and sulfamethoxazole were bought from Shandong 
Rongyuan Pharmaceutical Company Limited, China and Andhra Organics 
Limited, India, respectively. The distilled water of 0.01 uS/cm conductivity 
was prepared in a laboratory. The source of methanol and orthophosphoric 
acid was Merck, Germany. 
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2.2. Instrumentation 


The analyses were done by using the instruments including, Sonicator 
(Korea 60°С), aluminumfoil (China 0.2 mm), hot plate (China 400?C), 
analytical balance (Sartorius, Germany Min 0.0001g: Max 320 g), column 
(Merck Germany, Cis), nylon filters (Sartorius, Germany 0.45u), USA pH 
0-14, pH metre (Jenco), vacuum pump (Japan20psi), pH meter (Jenco 
6173), Shimadzu LC-20AT Series with a dual pump, Dynamica, HALO 
DB-20 UV/Visible spectrophotometer, and 254 nm wavelength was used 
for analysis. 


2.3. Collection of Samples 


The standard molecules of SMX and TMP were taken from Andhra 
Organics Ltd. in India and Shandong Rongyuan Pharmaceutical Co., Ltd. 
in China with high purity levels of 99.44% and 99.66%, respectively, on an 
anhydrous basis. 


2.4. Mobile Phase Preparation 


The mobile phase was prepared by adding 600 mL of methanol in 400 
mL of distilled water and adjusting the volume to the desired amount. The 
pH level of the solution was maintained at 2.6 level by adding a small 
amount of dilute phosphoric acid. 


2.5. Standard Preparation 


200 mg of sulfamethoxazole and 40 mg of trimethoprim were put into a 
flask of 100 mL. The mixture was diluted using methanol. A separate 50 
mL volumetric flask was used to transfer 10 mL of this solution for further 
analysis. 


2.6. Sample Preparation 


To prepare the samples, 200 mg of SMX and 40 mg of TMP were added 
to a flask of 100 mL. From this solution, 10 mL was transferred to a 50 mL 
flask and the resulting solution was filtered. The concentration of TMP in 
the filtered solution was found to be 0.08 mg/mL and the concentration of 
SMX was found to be 0.4 mg/L. 


2.7. Chromatographic System Configuration 


The column used for analysis was 25 cm in length and 4.6 mm in 
diameter, it was also loaded with an ODS (octadecylsilyl) stationary phase 
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with a particle size of 5 um, specifically the L1 type. The detector used in 
the analysis had a wavelength of 254 nm. The column was maintained at a 
temperature of 40?C and the flow rate of the mobile phase was set at 1 
mL/minute. A sample injection volume of 20 uL was used for the analysis. 


2.8. Method Validation 


The developed method was validated through the following 
characteristics: 


2.9. Linearity 


Linearity is a measure of the relationship between the concentration of 
an analyte and the corresponding response of a measurement method. The 
coefficient of determination (r?) of the regression line is used to determine 
the linearity of the method. For quantitative analysis, a value of г? greater 
than 0.99 generally denotes a strong linear connection between the analyte 
concentration and the observed response, which is considered acceptable. 
This indicates that the test results obtained by the technique will fall within 
a predictable range that is directly proportional to the analyte concentration 
that is being measured. 


2.10. Specificity 


The ability to dissociate analyte components in the presence of other 
components like matrix components is known as specificity [17]. If the 
method remained unaffected in the presence of impurities and exponents, it 
means that the method has specificity. 


2.11. Accuracy 


Accuracy is a measure of how closely an analytical method can 
determine the true value of a sample. An accurate method gave us an 
accurate value under different measurements. The accuracy of the method 
was shown because no divergence occurred from the true value. Accuracy 
reflects the degree to which an analytical method provides reliable and 
correct results that are free from significant errors or biases. 


2.12. Precision 


If the procedure is repeated multiple times for the samplings of a 
homogeneous sample and the results give closed values to each other, the 
analytical method is said to have precision. 


UMT— 23 


School of Science i: 
Volume 7 Issue 4, 2023 Ба 


Development and Validation of RP-HPLC... 


3. RESULTS AND DISCUSSION 


It is mandatory to analyze the drugs before their utilization. Analyzing 
data can provide both qualitative and quantitative information, which 1s 
crucially significant. Understanding the therapeutic mechanism of drugs is 
a vital aspect that cannot be overlooked. A number of methods are being 
used for simultaneous analysis of trimethoprim and sulfamethoxazole. FT- 
IR, amperometry, HPTLC, UV spectroscopy, and spectrometry were used 


for SMX and TMP analysis (see Table 1). 
Table 1. Assay Calculations 


Trimethoprim Sulfamethoxazole 

Peak area of Peak area of Peak area of 
Peak area of STD Sample STD sample 
70503891 7729721 28393293 28691409 
6940642 7688064 28513675 29049886 
Average = 7708893 Average — 28870648 
Average 6997267 Average 28453484 
S.D 80079.14 S.D 85122.93 
RSD 1.144 RSD 0.299 
Calculations of peak area of STD and sample 
7708893 37 10 100 25 5 99.67 100 
Trimethoprim 6997267 100 25 5 10 40 100 
101.5796 
28870648 200.4 10 100 25 5 99.80 100 
Sulfamethoxazole 28453484 100 25 5 10 200 100 
101.4796 
= | | 
- | | 
| | 
Figure 1. Chromatogram of TMP-SMZ Standard 1 
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Pharmaceutical industries specifically use RP-HPLC for conducting 
their analysis. The results obtained from the analysis of SMX and TMP are 
as follows (Figures 1 to 4; Tables 1-5). 


Table 2. TMP-SMZ Standard 1 at 254 nm 


Taili No. of 
Peak Name Area Concentration Пё Height theoretical 
factor plate 
1 TMP 6940642 1.000 1.188 1229461 1969 
2 SMZ 28393293 1.000 1.136 2483206 2819 
Total 35333936 3712667 
Chromatogram 
mV 
m B 2 7-77 С Detector A 254nm 
2500-4 18 
E 
| | 5 
2 
1500— = 
1000 | | 
500 
|| | 
| 
| 
0 — a à; F 
( 1 ; 1 | 4 H ы 6 7 хи з 
Figure 2. Chromatogram of TMP-SMZ Standard 2 
Table 3. TMP-SMZ Standard 2 at 254 nm 
Taili Number of 
Peak Name 2/ШЕ Area Height Concentration theoretical 
factor plate 
1 TMP 1.198 17053891 1233870 1.008 1948 
2 SMZ 1.138 28513675 2488856 1.002 2797 
Total 35567567 3722726 
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Chromatogram 


mV 


E | 1 Detector А 254nm| 


2000 | 


— — - -Sulphamethoxazole | 


Trimethoprime 


1500 


1000- 


500 


3 4 


T 
0 1 


Figure 3. Chromatogram of TMP-SMZ Test Sample 1 
Table 4. TMP-SMZ Test Sample 1 at 254 nm 
Реак Number of Taili 
еа Name Height Area theoretical Concentration 2118 
# plats factor 
1 TMP 1372780 7688064 2038 1.099 1.075 
2 SMZ 248963] 2904986 2747 1.021 1.141 
Total 3862411 3673790 
ЕЗІ —- и m а т 1 Detector A T 
| = | 
2000-4 | 2 
| 
| Е | 
| = 
| 
| | | 
| 
нө || 
500- | | 


Figure 4. Chromatogram of TMP-SMZ Test Sample 2 
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Table 5. Results of TMP-SMZ Test Sample 2 at 254 nm 


Number of Tain’ 
Peak Name Concentration Area theoretical Height f 
plate actor 
1 ТМР 1.105 7729721 1867 1333312 1.010 
2 SMZ 1.008 28691409 2763 2488096 1.128 
Total 36421130 3821408 


3.1. Method validation 


3.1.1. Linearity. The method will show linearity if the results of the 
test are directly proportional to the quantity of the drug [18]. The percent 
concentrations of 80, 90, 100, 110, and 120 were injected, giving the 
following linearity results. Table 6 and Figure 5 & 6 show the results for 
the linearity. 


Table 6. Linearity Values 


Sample absorbance area Solution Conc % of 
Sr.# | | volume : 
Trimethoprim | Sulfamethoxazole (mL) (mcg/mL) drug 
1 2422329 16193821 25.6 4.0 80 
2 2471764 16524307 28.8 4.5 90 
3 2522209 16861538 32.0 5.0 100 
4 2568653 17198768 35.2 5.5 110 
5 2624106 17512744 38.4 6.0 120 


> Linearity (Sulfamethoxazole) 
2800000 zi 


2600000 


Area 


у= 5004.4х + 2Е+06 
R? = 0.9994 


2400000 
7 80 90 100 110 120 130 


Concentration 


Figure 5. Linearity (Sulfamethoxazole) 
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y = 3004 4х + 2Е--06 
R? = 0.9994 


2450000 


2400000 
70 80 90 100 110 120 130 
Concentration 


Figure 6. Linearity (Trimethoprim) 


3.1.2. Specificity. Specificity is the ability of a solution in which 
components of the matrix dissolve the analyte. In the case of standard and 
placebo, the following results were obtained (see Table 7). 


Table 7. Specificity 


Standard samples (TMP/ 


Sampie SMX) Placebo 
Chromatogram (Peak " | 
Area / Spectrum) Positive Negative 


3.1.3. Accuracy. Various trials were carried out to confirm the 
accuracy of this newly developed approach and the results are presented in 
Tables 8 and 9. 


3.1.4. Sulfamethoxazole Results. Absorbance area of 80% reference: 
16184214 


Absorbance area of 100% reference: 16853525 
Absorbance area of 12096 reference: 17532744 


Table 8. Accuracy Results for Sulfamethoxazole Samples 


In placebo 

percentage of 120% 100% 80% 
active 

Absorbance 

area of test 17524535 17545738 16870344 16880168 16205637 16190974 
solution 
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Label claim 
(76) 
Deviation 
from 
calculated 
results 
Average 
recovery 


99.95% 100.04% 100.10% 100.16% 100.1396 100.0795 


0.05% 0.07% 0.10% 0.16% 0.13% 0.04% 


100.01% 100.13% 100.08% 


Table 9. Accuracy Results for Trimethoprim Samples 


TMP 
Content 
added in 
placebo 

Absorbance 
area of test 
solution 
Label claim 
(%) 
Deviation 
from 
calculated 
results 
Average 
Recovery 


120% 100% 80% 


2624684 2628955 2524891 2528142 2419311 2421047 


99.98% . 100.1470 . 100.0779 100.20% 99.96% 100.0396 


0.02% 0.14% 0.07% 0.20% 0.04% 0.03% 


100.06% 100.13% 99.99% 


3.1.5. Precision. If there is a degree of closeness between the 
individual test findings, the procedure has precision. The following results 
were obtained for instrument precision (see Table 10). 


Table 10. Instrument precision 


Area of Internal Standard Areas of standards 


ERN (Sulfamethoxazole) (Trimethoprim) 

l. 16852548 2499147 

2, 16850018 2498046 

3. 16861538 2522209 

4. 16841827 2546895 

5. 16791588 2506789 
RSD 0.164595 0.813796 

S.D 27692.63 20461.58 
Mean 16839503.8 25146172 
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3.2. Method Precision 
It was expressed as RSD and found out by: 


32.1. Repeatability. The assay was performed on separate samples in 
3 replicate sets (see Tables 11 and 12). 


3.2.1.1. Sulfamethoxazole Results. Absorbance area of the reference: 
16835314 


Concentration of reference: 32 ug/ml 
Wavelength: 254 nm 


3.2.1.2. Trimethoprim Results. Absorbance area of the reference: 
2519356 


Concentration of reference: 32 ug/ml 
Wavelength: 254 nm 
Table 11. Repeatability of Sulfamethoxazole Samples 


Repeatability (Sulfamethoxazole) 


Analyis Deviation 
Samples Absorbance А М from 

ron concentration “results ТЕГЕ 

(ug/ml) results 

1 16794517 32 99.76 0.24% 

1 2 16840138 32 100.03 0.03% 

3 16841974 32 100.04 0.04% 

4 16863183 32 100.17 0.17% 

II 5 16874201 32 100.23 0.23% 

6 16806357 32 99.83 0.17% 


SD = 0.1849; Average = 100.01%; RSD = 0.1849% 


Table 12. Repeatability of Trimethoprim Samples 
Repeatability (Trimethoprim) 


Analyte 


Samples : Area of Deviation from 
concentration % results 
(ug/ml) absorbance calculated results 

1 32 100.04 2520302 0.04% 
lI 2 32 99.96 2518346 0.04% 

3 32 100.44 2530556 0.44% 
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Repeatability (Trimethoprim) 


Samples Analyte Area of Deviation from 
concentration % results 
absorbance calculated results 
(ug/ml) 
4 32 100.41 2529654 0.41% 
И 5 33 99.9] 2517178 0.09% 
6 32 100.2 02524356 0.20% 


Average = 100.16%; SD = 0.2280; RSD = 0.2277% 


32.2. Reproducibility. The term reproducibility describes how 
effectively an analytical process may be used by many analysts working in 
the same laboratory. The following results were obtained when the assay 
was performed on three distinct samples as indicated in (see Tables 13 and 
14). 


3.2.2.1. Sulfamethoxazole Results. Absorbance area of the reference: 
16813456 


Concentration of reference: 32 ug/ml 
Wavelength: 254 nm 


3.2.2.2. Trimethoprim Results. Absorbance area of the reference: 
2516209 


Concentration of reference: 32 ug/ml 
Wavelength: 254 nm 
Table 13. Reproducibility of Sulfamethoxazole Samples 


Reproducibility 
Analyte Variation from 
рар жоош % results Absorbance theoretical results 
(ug/ml) =- (%) 
1 32 99.97 16808945 0.03 
2 32 100.12 16832952 0.12 
3 32 100.10 16829435 0.10 


SD = 0.0771; RSD = 0.0770%; Mean = 100.06% 


School of Science © UMT — 31 


Volume 7 Issue 4, 2023 ша 


Development and Validation of RP-HPLC... 


Table 14. Reproducibility of Trimethoprim Samples 


Reproducibility 
Analyte Fluctuation from 
саре Peak % results чо theoretical results 
(ug/ml) — (%) 
1 32 100.49 2528516 0.49 
2 32 100.11 2519063 0.11 
3 32 100.23 2521964 0.23 


Mean = 100.2896; SD = 0.1924; RSD = 0.1919% 


The RP-HPLC method developed in this research study was found to be 
the most effective method among all, which covers all the analytical 
techniques [15—17]. It was also observed that this technique was better than 
compendial methods since it is free of pollution, which showed that it is 
environmentally friendly. The mobile phase is methanol: water (6:4). The 
pH of the mobile phase was maintained at 2.6 level by using dilute 
phosphoric acid. The combined determination of Sulfamethoxazole and 
Trimethoprim requires this pollution-free analysis. 


4. CONCLUSION 


The current study concluded that the newly developed RP-HPLC 
method was cost-effective and convenient to use. It also fulfilled all the 
validation parameters like linearity, specificity, accuracy, and precision. 
The primary significance of this method lies in its environmentally friendly 
nature and suitability for our environment. Further studies can be used for 
the determination of impurities in samples using the LC-MS technique and 
future researchers can further establish their research by using this study 
results. 
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ABSTRACT 


The current study aims to define a class of starlike functions with respect to 
symmetric points subordinated with q-exponential functions. Furthermore, 
to investigate the coefficient inequalities and possible upper-bound of the 
third-order Hankel determinant for the functions belonging to our new class 
this study observed the new and already derived results for further analysis. 


Keywords: analytic function, Hankel Determinant, q-derivative, symmetric 
point 


1. INTRODUCTION 


The analytic functions, also called holomorphic functions, are complex- 
valued functions that are defined and differentiable at every point within 
their domain of definition. The class of all analytical functions f with the 
normalized condition in the open unit disc E = /z:|[z| < J} 15 asymbol 
by A and has the Taylor series, which is stated as: 


(2) = 2 + а,2% + а423 + ал + (1.1) 
2 3 4 


The class of univalent and analytical function unit disc E is proved by 5. 
Caratheodory functions are a class of complex-valued functions, which are 
defined on a domain in the complex plane. They are named after the 
mathematician Constant in Caratheodory symbolized by and the function of 
this class is of the form 
p(z)-21-cpiz + pzz? + рз23 + paz* + (1.2) 
The Schwarz function, named after the German mathematician 
Hermann Schwarz, is a complex-valued function that maps the unit 
disk E in the complex planes to itself. It is known by f(z) = = 
is a complex number. Specifically, if f and g are analytic functions defined 
on some domain D, then f < g if there lie other analytic functions h defined 


where z 
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on D such as f (2) = g(h(z)) Vz in D'. Thomas [1], and Pommerenke [2] 
defined the Hankel determinant Н; (с), for positive integer k',c for the 
function in 5' In the form eq (1), as shown below: 


a n a n4l а uo 
а а 58 а 
m n+l n+2 n+q 
Hy(c) = | . : | (1.3) 
uoi а, 44-2 а 424-2 


For fixedly positive integers k and c the growths of Ну (с) as w > 
oo have been determined by Obradovic [3], In 2023, with a boundedness 
boundary. Ehrenborg [4] investigated the Hankel determinant for 
exponential polynomials. The Hankel determinant of differentiable orders 
is achieved for k, c differential rates. For instance, when k = 2 and c = 1 it 
is defined as, 


a, а; 


2 


НИ) = 


аа, -а,'| a, =1 (1.4) 


а, а, 


The Fekete-Szego inequality is a well-known result in complex analysis 
and potential theory that provides an estimate for the growth of the Taylor 
coefficients of function that are analytical unit disk E. More precisely, let f 
(с) be functions that are analytical in the open unit disc |z:| < 1, and let its 
Taylor series expansions be given by (1).In 2023, Singh et al. [5] and 
Fekete-Szego defined an inequality for the coefficient of a univalent 
analytic function on the unit disk. The Fekete-Szego inequality for some 
normalized analytic functions was investigated by various researchers 
working in the field of Geometric Functions Theory like Choi et al. [6], Ali 
et al. [7, 8], Ома and Cho |9, 10], Orhan and Cotirla [11], and 
Murugusundaramoorthy et al. [12]. In 2006, Shanmugam et al. [13] 
introduced The Fekete-Szego problem that can be applied to sub-classes of 
star-like functions when considering symmetrical points. Now for k = 2,c = 
2 it can be obtained as, 


H.(2)= a, a; 2 1.5 

ak )= , [а,а,–а; ( џ ) 
a, а, 
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In 2012, Krishna and Ramreddy [14] introduced the 2nd Hankel 
determinant of means the univalent function, which is discussed here. Using 
a indeed close p, valent function the growth rate of the 2nd Hankel 
determinant was calculated by Shrigan [15] in 2022. Other researchers like 
Janteng et al. [16, 17], Bansal [18], Lee et al. [19], Lei et al. [20], Rain et 
al. [21], Rajya et al. [22], Zaprawa [23] introduced the coefficient of the 
function f that belong to the sub-class S of univalent function or to its sub- 
classes the upper-bound of the Hankel determinant for К = 2, c = 3 such 
as, Н-(3) is defined as: 

а, d, 


H,(3)- 


2 


аа, — а, (1.6) 
а, а; 


Fork = 3, с = 1 the Hankel Determinant, H3(1) is known as the 3rd 
Hankel Determinant we have 


а, а, а; 
а (ађа, та, )–а (аја, –ађа ,)ља (а, –а,), a,=1 (1.7) 
1.1. Applications 


In mathematical physics, analytic functions are crucial for solving two- 
dimensional issues. Displacements and stresses in antiplane or in-plane 
fracture problems can be expressed as functions of complex potentials. 
Hankel matrices are created when an underlying state-space model or 
hidden Markov model is desired as а given sequence of output data. The 
A, B, and C matrices that characterize the state-space realization can be 
computed using the singular value decomposition of the Hankel matrix. The 
breakdown of non-stationary signals and time-frequency representation has 
been proven to be advantageous when using the Hankel matrix created from 
the signal. To get the weight parameters for the polynomial distribution 
approximation, the method of moments applied to polynomial distributions 
produces a Hankel matrix that must be inverted [24]. 


Calculus uses course equivalent q-calculus which is based on the 
solution of logical q-analogous outcomes without the use of limits. The 
systematic introduction of q-calculus is credited to Lashin [25]. Khanetal 
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[26] introduced and presented definitions for q-derivative. q-derivative of 
functions f be а normalized-analytic function is known as 


руба) LEASE) „  g 


and D,f (0) = = F (0) where q € (0, 1) taking q 1" we get D;f э]. 

Іп 2007, Babalola [27] was defined as the Ist person to analyze the upper- 
bound of the 3rd Hankel determinant for sub-classes of S+. Other researchers 
like Vamshee Krishna et al. [28], Patil and Khairnar [29], Prajapat et al. 
[30], Yalcin and Altinkaya [31], Cho et al. [32], Lecko et al. [33]. 
Kowalczyk et al. [34], Mohd Narzan et al. [35], Several other researchers 
like Mendiratta et al. [36], Hatyan Zhang et al. [37], khan et al. [38], and 
Senguttuvan et al. [39] defined A thorough sub-class of analytic functions 
with respect to the symmetrical point that has been developed. The current 
study is expanded by using quantum calculus and tends to investigate the 
upper bounds of the 3rd Hankel Determinant, for the classes of a star-like 
function with respect to symmetrical points subordinate to exponential 
functions. Mahmood et al. [40] Shi et al. [41], Verma et al. [42], Viswanadh 
et al. [43], Omer [44], Joshi et al. [45], Breaz et al [46], Wang [47], and 
investigated the class of univalent function star-like with respect to 
symmetrical points. Here, the following subclass of starlike function are 
defined below: 


Definition 1.1. A function f € A and f is known to be in the class 5:(е47) 
as 


WO qz 
ho UE DEDE (1.8) 


we note that taking q — 17 in the above definition, we obtain the known 
class S; (e?) see [48]. The following Lemmas are required to demonstrate 
the intended outcomes. 


Lemma 1.1. [49] If p; € P", then |p,| € 2, Vn ЕМ. 

Lemma 1.2. [50] If p(z) = 1 + р12 + poz? + p3z? + ---is such that 
Re(p(z)) > 0: in E, then for some x,z with |x| € 1,|2| € 1, we have 
2p; = p2 + x(4 — рї), for some x, |x| < 1 (1.9) 


Арз = pi + 2p,(4 — px — pi (4 — px? + 2(4 — p - |х|?)2 
(1.10) 
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Lemma 1.3. [51] If p € P, then |р — vp?| < max |{1, |20: — 1) for 
апу > € C. 


3. MAIN RESULTS 
Theorem.3.1: If f € Sž (e17) then |a;| < 2. la4| € 2 la4| < 


—4q+3q? 124-18427--543 —2q+q? 
+ (са), (маму tas < |Е + (===) + 


8 48 4 
(err) 
24 P 


Proof: As f € 55 (е4) as 
2[zf (z)] = eto 


—————— (2.1) 
га) fCz) 
Using Eq. (2.1), we consider 
2 [А 
БЕСА СЛИ =1+2а,2 +2а,2 +(4а,2* —2a,a,)z° +(4а,2` – 2а?,)2* +... 
f(2-fo2 
(2.2) 
Let us define the function, 
oe 1+ qw(z) 
Р 1-qw) 
Equivalent, 
aL Р@®)-1 
TWE) = у, (2.3) 
Consider 
2 3 2 
ov) = 22 (e) e ce aki) + (ect tiy 
зрар; _ Pi\ „4 
к JA (2.4) 
Since we have 
2 3 4 
w(z w(z w(z 
ed" (2) =1+ qw(z) + (aw) + (аи (2). + (aw). С ) +... (2.5) 


21 3! 4! 
We get 
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-pid^ | р1р29? рін") 3 cum __Рарз _ р? | к PG 
( 56 T B T 48 + 2 5 4 8 16 + 384 4 е 
4 4 
(2 ip Ка „Баба PPa) q2 q2? + (- PiP2 _ м.) а? 43 + (ae at +. (2.6) 
8 32 4 16 32 384 


From Eq. (2.2) and Eq. (2.6), we compare the coefficient, and we get 


a <P q (Р PY, ani 
2%-, а 74 а) 16" 


a _ P34 _РргЧ | 3pip;d^ | Pid _ piq? Spig? 
4 g 8 32 32 64 384 ' 
_ "Pad рарза | рірз4? 3pip;q | 3pip; 3Зр?р242 
аз = rd "au xliv x 2 i 
(ru _ pia pid? 4 ич) (2.7) 
128 64 128 384 


By using Lemma 1.1 and Lemma 1.3 in Eq. (2.7), we get 


q —4q + Зд? 12q — 189? + 5q? 
ІЛЕ ICE ,la4| < г (с Е —— ЗЕЕ 


2 


4 8 48 
ја | < | + (22°) + (ee (2 8) 
з= 4 24 | | 
which are the required results. 
Theorem 3.2: If f € 5; (е4) then јаз — a3| < 7 
Proof: From Eq. (2.7) in Theorem 3.1 we have 
ара _ — (P2 рі a?pi 

а 5а = (2-2) q +. (2.9) 

On simplifying, we get 

2342 

la; — a2| = |222 en[ (2.10) 

By using Lemma 1.3, we get 
la; —a3| < 7. (2:11) 
which are the required results. 
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Theorem 3.3: If f € 5 (е4) then |a;a4 — a4| < 


1 _ 2(-4+y—2q3+8q2+48q+64)\ 4 _ 
48(42-64-12) (34094 ( 42-64-12 ) 4 
36g (— 2(-4-+-2q3+8q2+48q +64 2 Bur 
4 42-64-12 4 
_ 2(-44+,/-2q3+8q2+48q+64)\ 4 5 
ба ( ткыш ш Ja + 129° + 


[2q3+8q2448q464\" 
2q*4 —2q? + 842 + 48q + 64 + ва (- END д2 – 
/–—243+842 +484+64 
724 (- с ti ameet q? — 1444* — 


42-64-12 


2а+ва2+а89 +61} 
8/—2q3 + 842 + 484 + 644 3 + аз2а (- soe yee) ga 


2-64-12 
2(-4-%/-243--842--484 +64 
724 (- ACH Oat) qz + 144q? — 


2 
48/247 + Bq? + 48q + 64 q? + 4324 (- 2С Ae tn ten | 


E „/—243+842+484 +6% 
acq (ааваа q + 17289" — 


16 /—243 + 8q2 + 48q + 64 а + 8644 (- Бекаа + 
1600q. 
Proof: From Eq. (2.7) of Theorem 3.1, we have 


рарга 3рір242 рід? 


3,2 343 
q? РіР2 Did арі Әз4 
ааз —a,| = PIX ааа 32 = ии 
ШЕ ual = ұта 32 е gt 8 32 gp m 
5 
piq? = piq? (2.12) 
64 384 


Denotes |x| = t € [0,1], p, = e € [0,2], using triangle inequality 
(2.12) we have 


e(4—e7)qt? t(^4—e?)q?e q(4—e?)) eq? 


= „сы Шз PN DUC CNN JUS 8 
|азаз — a4] S 32 64 16  ' 384' 
suppose that 

e(4—e?)gt? t(4— е2)аѓе 4—e7) еза? 
F(e,1) = ( 29 tC )q'e q( p Ew 
32 64 16 384 
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У TR | ; 
EM Bom 224 _ Саа 0, the function Ғ(е,/) is non- 


decreasing for P. 1 in /0, 1].this show that F(e,t) has max value at t=/. 


Thus, we get Z 


521422 252142 a2 3,3 
MaxF(e,t) = F(e,1) = Sce ums t(4 224 e- = 1-64. 


which implies that 


2) 742 ЖАР 32 3,3 
М(е) = tire ae t(4-e?)q?e q(4-e*) , еза 


64 16 384” 
Then 
ме) = B E (—-e?-4)q e?q? (-e7+4)q? eq E е2? 
7 16 32 32 64 8 128) 
2(-44.,/—2q3+8q2+48q+64 
M'(e) = be lost e = т“ = ‚о 


A simple computational yield that M” (e) < 0, which means that the 
2(—4+y -2q? +8q?+48q+64) 4--/-243--842--484--64 ) 


functions М (е) can take a max value at m* = — 5-0 


Hence we get 


1 2(—4+4 –243+842 +484+64 7 4 
— RE ES о Euh EUG. тарады ti = 
2 
| 2(-4+/—-29q3+8q2+48q +64 3 
s | 42-64-12 pes 
_ 2(-4+-2q3+8q2+48q+64\ д 5 
6q ( ты с=т Ja + 129° + 


2 
244/-243 + 842 + 48q + 64 + 364 (- aitt ag tea tat) T- 


2(—4+4 -2q3+8q2+48q+64 
72q (- За нышы 24 254- 4 ) – 1444" — 


[72938934480 464) 
8,/-243 + 842 + 484 + 64 а 3 + 4324 (- пау авалтаа 4 + 


2(-4+,/ -2q3+8q2+48q+6 
72q (- о qz q? + 14443 — 


2 
48/247 + Bq? + 484 + 64 q? + 4324 (- Ctt tnter) 


_ 2(–4+/-243+84%+484+64 2. 
864q ( а= Ja + 17284 
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- (/2243%842%484:%64 
16 2243 + 892 + 48q + 64 + 864q („тнынн " 
1600q. m 


which are the required results. 
2 
Theorem 3.4: If f € S;(e%) then |a,a, — a3| < mu 


Proof: From Eq. (2.7) of Theorem 3.4, we have 


_ 2, _ |рарза? , 3pipsq? — pipsa? , pia? _ 3piq? | 5piq^ pips — 
|4244 a] E 32 128 32 128 256 1536 128 
рі  ríd^ prid? " рарі4? 
1536 16 32 16 P 


we use the Lemma 1.3 we have 


2, _ [р1а2(4-р2)(1-1х12)2 р2(4-р2)х292 , зргазх(4–р2) 
|4244 — а3| = 64 Е 128 256 B 
2 
x?q7(4-pt) | брза“ pia? , vía? _ piat _ piq (2.14) 
64 1536 64 32 64 256 | ` 


Denotes |x| = t € [0,1], p, = e € [0,2] then using tri-angle inequality we 
have 


q?(4-e?) , e?(4-e?)t?q? , 3e?q?t(4—e?) " t?q?(a-e2)? 


2 
аа, — а4| € 
| jn у 15 442 444 d 256 eR " 
5e e e e e 
о) (2.15) 
1536 64 32 64 256 
which implies that 
2 2 2 23,242 243 2 242 2? 
а (4–е e^(4—e^)t*^q 3e^q?t(4—e t^q*(4—e 
F(e,t) = 009209) т (4-02) | tate | 
444 4 2” 442 Р 444 =e ES 
5e e e e e 
к= EE, (2.16) 
1536 64 32 64 256 


Thus, we get 


дЕ 3(4—e?)e?q? " (4 — e2)e?g? n (4 — e?)?q?t " (4 — e2)e?q?t 
ðt 256 64 32 64 


which gives that F(e, t) is increasing for any then t in /0, 1], this show that 
F (e, t) has a maxi value at t = 1. 
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_ q?(4-e?) x e?(4—e:2)t?q? + 3e?q?t(4-e?) 


Max F(e,t) = F(e,t) = + 
22 22 444 TRY "anh ч 
t?q?(4—e7) (= _ etd ao ft _<t) (2.17) 
64 1536 64 32 64 256 
Let us define 
My d(ace*) гче р". ерше”. tq? (4-e?) (EE = 
442 442 = 444 4 Аз 2i Е m 
EX EN ей eco. (2.18) 
64 32 64 256 
We have 
M'(e) = 5e?q?  (—5e?--4)eq? (eq?)e 25e?q* 
БАЕР 128 16 384 ' 


M'(e) vanishes at e = 0. A simple compilation yield that M "(e) < 0, 
which mean that the functions M (e) has max values at e — 0. We get 


2 
|а:4,-а | < М(0) = 22, (2.19) 
3 8 


which are the required results. 
Theorem 3.5: Iff € S;(e??) then |H3(1) = 
2 
1 2(–4+/—243+842 +484+64 
(q* (is (- aaa Е e ) g= 


2304(42-64-12)2 42-64-12 


42-64-12 


30q (- LR Y "T" 


2 
2(-44./-2q3+8q7+48q+64 
ngog (мита SS ) q? + 


42-64-12 


1034“ у —2q? + 847 + 484 + 64 + 604° + 
1804 (- (ee ri er p 


42-64-12 


Là К 
———————— 45 q — 


42-64-12 


3604 (- 


40./—243 + 842 + 48q + 6443 — 288q* + 


2 
2( —44-/ -20? -8q0? +484+64 
2160q (- е а + 
42-64-12 
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360q (- ЕС T 


42-64-12 
240/243 + 842 + 484 + 64 q? — 446443 + 
zc] И 


42-64-12 


2( -4+,/-2q3+8q2+48q+64 


80,/-243 + 842 + 48q + 64 а + 13824q? + 


2(-4-/-243--842--484:-64 
43204 (- ee) + 702008q + >) 2 


2160q (- 


q?—6q-12 
1/1 1 


iGacid c6 + 4°). 

Proof: Н ()=а (ађа, —a?^,) - a, (аа, —a,a4,)- a,(a,—a^,) ,a, = 1 
(2.20) 

By applying triangle inequality, we get 

Now, substituting the Eq. (2.8),(2.11),(2.13),(2.19), in (2.20) we get 


2 
2( —44-/ -20?-8q0? +484+64 
|H3(1)| € T (is (- арар 4“ – 


2304(42-64-12)2 42-64-12 


42-64-12 


304 (- Il die 


1804 (- (eei ier) "E 


42-64-12 


10q*.J —2q3 + 832 + 48q + 64 + 604° + 
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which аге the required results. 
4. DISCUSSION 


The coefficients of the univalent functions attracted the attention of 
researchers working in the field of Geometric Functions Theory. On the 
other hand, Quantum Calculus and Quantum theory have been applied to 
the concepts of Geometric Functions Theory to advance the known classes 
and results. The Fekete-Szego problem are a well-known coefficient 
problem in this field which has a variety of application in other sciences. 
The well-known application of the Fekete problem is the Hankel 
determinant. The Hankel determinant of order two have been investigated 
by various researchers in this field but the 3rd order Hankel determinant for 
starlike functions with respect to symmetric points have attained the 
attention of researcher nowadays. To fill this research gap we have worked 
on the 3rd order Hankel determinant for our new class of starlike functions 
with respect to symmetric points subordination q-exponential function. 
Where the concepts of quantum calculus and q-derivative operator have 
been applied. The current study determined that on taking q — 17 for the 
result proved in this research article, similar results were obtained that were 
already proved in [47]. 


4.1. Conclusion 


The class of starlike functions with respect to symmetric points and the 
q-extension of these class has been investigated. Conclusively, a new class 
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of starlike functions with respect to symmetric points associated with q- 
exponential function by using the subordination technique is defined and 
studied in this research. Some remarkable results, including coefficient 
inequalities, the Fekete Szegó problem, and the third-order Hankel 
determinant have been investigated. It was indicated that the new class 
along with the associated main theorems are the advancement of the results 
and classes, which has already been studied by the researcher working in 
the field of Geometry Functions Theory (GFT). 
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Properties of Graph Based on Divisor-Euler Functions 

Asif Abd ur Rehman' and M. Khalid Mahmood 

Department of Mathematics University of the Punjab, Lahore, Pakistan 
ABSTRACT 


Divisor function D (n) gives the residues of n which divide it. A function 
denoted by т(п) counts the total possible divisors of n and ф gives the list 
of co-prime integers to n. Many graphs had been constructed over these 
arithmetic functions. Using D(n) and ф(п), a well known graph named as 
divisor Euler function graph has been constructed. In this paper, we use 
divisor function and anti Euler function Фф”. We label the symbol $^(n) to 
count those residues of n which are not co-prime to n. By using these 
functions, we find a new graph, called divisor anti-Euler function graph 
(DAEFG), denoted as G(d($*(n)). Let G(d($*(n)) = (У, Е) be a 
DAEFG, where V = (d; | d;/n} and E = (did; | gcd (dj, dj) = 1}. The 
objective ofthis sequel is to introduce and discuss the properties of DAEFG. 
In this work, we discuss novel classes of proposed graph with its structure 
using loops, cycles, components of graph, degree of its vertices, 
components as complete, bipartite, planar, Hamiltonian and Eulerian 
graphs. Also, we find chromatic number, chromatic index and clique of 
these graphs. 


Keywords: divisor function, divisor Euler function graph, divisor Euler 
function sub-graph, Euler function graph, metric dimension, resolvent. 


1. INTRODUCTION 


The systematic use of number theoretic functions in combinatorial 
mathematics is an interesting and useful task nowadays. Recently, the study 
of graphs based on number theoretic functions has become much more 
motivating. In our work, we use three number theoretic functions and define 
a new class of graph based on these functions. We familiarize and study the 
structures of such graphs. Such construction of graphs based on number 
theory leads to many new useful results. This area of mathematics has a 
wide range of applications in chemistry, computer science, navigation, 
robot science and engineering as well. The notion of divisor graph was first 
introduced by Singh and Santhosh in 2000. In 2015, K. Kannan et al. [1] 
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presented a graph of number theocratic function namely, the divisor 
function graph. He suggested an idea for constructing graphs on divisors of 
integers by taking as vertices. We denote the set D(n) — (dj: d;|n,di < п) 
as the set of positive divisors of n. In his contribution, both vertices and 
edges were based on D(n). Shanmugavelan constructed a graph, namely 
Euler's phi function graph based on Euler's phi function [2]. He constructed 
this graph by taking a set of nodes and a set of edges based on this function 
ф(п). Using these co-prime residues, an idea of prime labeling has been 
introduced and investigated in [3]. Over n vertices, the formula for finding 
the maximal number of edges in this type of labeling has been established 
as Xo (n) in [3]. The well-known Cayley graph associated with the totient 
function, known as the Cayley totient graph [4], contains residues modulo 
s namely (0,1,2, ...,n — 1) with the edge set ((a,b)/a — b € T). It is 
denoted by G((Z,,)), where T denotes all positive integers which are less 
than n and co-prime to n. In the following paragraph, a few definitions are 
addressed to make this study self-contained. 


Metric dimension is an attractive parameter in graph theory. The idea of 
resolving set for a connected graph was firstly first used by Slater [5] and 
[6], where he termed it as a locating set. He referred to the least locating set 
as a reference set and its cardinality as the Metric dimension, which has a 
wide range of applications in many fields of chemistry computer science 
physics and robot science. The distance between any two vertices is denoted 
as d(u, v) which gives the minimum number of edges needed to transverse 
to reach from u to v. Let G be a graph with one component i.e., a connected 
graph, a node t resolves a pair of vertices и and v of V(G) if d(u, t) = 
d(v, t). If a subset R € V resolves the whole set of nodes, then 91 is called 
a resolving set (RS). General results on MD were discussed in [12]. 
Eccentricity of a particular vertex u is defined as the maximum distance 
between any of the vertices of the graph with v that is ecc (v) = 
max(d(w, v); и lies in V(G)). Many useful results regarding FMD and 
LFMD were discussed in [7] and [8], respectively. Results regarding 
algorithm and graph labeling were discussed in [9—11]. Many results on 
digraphs and their labeling based on number theory are discussed in [12— 
15]. Results on upper bound sequence of networks and RN's via Lambert 
type Map can be seen in [16—18]. Useful results on further graph theoretic 
applications are widely discussed in [19—21]. Research on degree and 
connection-based Zagreb indices of the network is astonishing nowadays. 
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Fruitful results of such newly defined degree based topological invariants 
of the M-polynomial, tadepol graph are discussed in [22] and [23]. 
Computation of entropy measures and valency-based indices of networks 
are discussed in [24] and [25]. The results of connection based such indices 
of networks are given in [26–28]. 


A loop (or a fixed point) in a graph is a vertex that is adjacent to itself, 
and it is called an isolated vertex if it is not adjacent to any other vertex. 
The vertices v4, v5,.., Vn will form a cycle of length n if v, is adjacent to 
V5, V; is adjacent to v3, and so on till v, is adjacent to v4. А maximal 
connected subgraph is termed as a component. The number of vertices 
adjacent to a vertex v 15 called its degree. A graph is complete if all vertices 
are adjacent to the rest of all vertices. A graph is termed as bipartite if its set 
of vertices can be partitioned into two disjoint sets such that any two vertices 
in a set are not adjacent to each other. A graph is regular if all vertices have 
same degree. A graph is said to be planner if it can be drawn on a plane such 
that no two edges intersect each other except the end points. A graph is 
termed as Hamiltonian if it has a cycle through all vertices and visits each 
vertex exactly one time. While a graph is Eulerian if each of its vertex has 
an even degree. The chromatic number is the smallest number of colors that 
can be assigned to its vertices such that no two same colors are adjacent or 
no two adjacent vertices have same color and the minimum number of 
colors such that no two adjacent edges have same color. Lastly, the order of 
a maximal complete subgraph is called a clique of that graph. Now, we 
recall a few well-known definitions and results from number theory which 
will be used in the sequel to make this paper self-contained. The following 
definitions can be found in [7]. 


Definition 1.1. [4] Arithmetic functions are those functions, which are 
defined for all positive integers, such as Divisor function d (n), Euler Phi 
function $ (n), Tau Function t(n), Sigma function o (n) and Anti- Euler 
function $' etc. 


Definition 1.2. [4] Divisor function d (n) is the set of those numbers which 
are less then or equal to n and which divides n. For example, for n — 
10, d(n) = (1,2,5,10) 


Definition 1.3. [2] Divisor Euler function graph G — (V, E)is a graph in 
which set of nodes are based on divisor function and set of edges 1s based 
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on Euler phi function and any two nodes are adjacent if these are co-prime 
to each other. 


Definition 1.4. [2] Divisor-not prime function graph is a graph in which set 
of nodes is based on divisor function and any two nodes are adjacent if these 
are not prime to each other. It is also termed as divisor anti Euler function 
graph. 

Definition 1.5. [4] Divisor Euler function graph denoted by ф (n) is a graph 
in which the number of integers from the set (1,2, ...,n — 1} are relatively 
prime to n, i.e., $ (n) = 1. 


Definition 1.6. [4] The number of integers from the set (1,2, ...,n — 1} 
which are not relatively prime to n is the function $' (n). $' (n) denotes the 
numbers that are less than or equal to n and non-prime to n. Since $ (n) = 
п — 1 for n be any prime but ф'(п) = 1, for n = 5,ф'(п) = 1, and 
ф'(8) = 4, and these numbers are 2, 4, 6 and 8 as these are all non-prime 
to n, i.e., (8,20) = 1 


Theorem 1.1. [4] For any integer n, ф(т) = n — 1 ifand only ifn is prime. 
So, ф'(п) = 1. 

Theorem 1.2. [4] If n is any prime, then $(n*) = пк: (n — 1), К > 1. 
Theorem 1.3. [4] If m and n are any two co-prime integers, then $ (mn) = 
ф(т)ф(тп). 

Definition 1.7. Divisor anti Euler function graph (DAEFG) labeled as 
G(d($'(m)) with У = (ага, |п) and E= {d;dj:gcd (d;,d;) + 
1, Yd;, dj € У}. The DAEFG for n = 8 and n = 12 аге depicted in Fig. 1. 


Figure 1. DAEFG for n = 8and n = 12 
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2. STRUCTURES IN DAEFG 

Corollary 2.1. G(d($' (n))) has exactly 2 components. 
Corollary 2.2. deg (v(1)) = 0. 

Corollary 2.3. The largest of any vertex d in DAEFG is т(п)- 2. 


Proof: The proof is simple. Since node 1 is isolated which clearly depicts 
that no other node can have an edge with node 1. So, there are total t(n) — 
1 nodes in the connected part of graph. As by definition graph is simple so 
there is no loop. So, there are т(п) — 2 total number of possible edges 
incident with node n. Hence, it is the only node with the largest degree 
which is t(n) — 2. Since SAEFG is a simple graph so there is no loop at 
any vertex in particular there is no loop at vertex m itself. Since there are 
T(n) possible vertices of DAFTG. Also, each d; 1 for each i is adjacent 
to n (possibly). These d; are т(п) — 2 in number (excluding 1 and n ), so d 
must have degree T(n) — 2. 


Theorem 2.1. DAEFG is connected and 1 is the only isolated vertex in it. 
Proof: Let d4, dz, ...... ‚ Фу all the possible divisors of any positive integer 
n, where а, = n. Since 1 divides each integer, then a € V. By definition 
(1, dj) = 1, So 1 cannot join any of the node which means that node 1 is 
isolated. Now, its only need to show that G is connected. Since each dj 
divide n and which is not co prime to n i.e., (dj, n) > 1. So, clearly there is 
an edge between each а, to n. Hence, G is connected. 


Proof. The proof is simple. Since, the node 1 is isolated which clearly 
depicts that no other node can have an edge with node 1. So, there are total 
т(п) — 1 nodes in the connected part of graph. As by definition graph is 
simple so there is no loop. So, there are т(т) — 2 total number of possible 
edges incident with node n. Hence, it is the only node with the largest degree 
which is t(n) — 2. Since, SAEFG is a simple graph so there is no loop at 
any vertex in particular there is no loop at vertex m itself. Since there are 
t(n) possible vertices of DAFTG. Also, each d; = 1 for each i is adjacent 
to n (possibly). These d; are t(n) — 2 in no. (excluding 1 and n ), so d must 
have degree т(п) — 2. 


Theorem 2.2. G is always complete for n = 27. 


Proof: Since, (1,2, 22, 22,...,2*) be the set of all possible nodes. Ав 
deg (1) — 0 so node 1 is not adjacent with any other node. By definition of 


в SIR 


Scientific Inquiry and Review 


Volume 7 Issue 4, 2023 


Rehman and Mahmood 


t there are К + 1 total possible divisors. By excluding node 1 there are k 
total possible nodes. Since node 2 is even and each node is of the power of 
2 which is again an even number so each node is adjacent to the node 2* 
which is the required n. Since the graph is simple so there is neither a loop 
nor a multi-edge. As each node is adjacent to every other node except itself 
and the node 1. Hence there are k — 1 total possible edges for each node, 
which is the property of a complete graph by definition. 


Lemma 2.1. The graph G is bipartite for n be the product of two distinct 
primes. 


Proof: The proof can be viewed using its definition. For n — pq then V — 
{1, p,q, pq} be the set of nodes. Since, node 1 is isolated and we take the set 
of nodes excluding node 1 for the connected part of graph. So, the set of 
nodes can be split into two disjoint sets as U and V such that U = {p,q} and 
У = {pq} with vertex 1 as isolated. As (p, pq) > 1 and (q,pq) = 1 but 
(p,q) = 1, so there are edges as p — pq and а — pq, where there is no edge 
between p and q. 


Corollary 2.4. There does not exist any cycle for G for n = 27. 


Theorem 2.3. Let G be a DAEFG and for n = p*q*,k > 2, then ere exist 
a cycle of length t(p*q*) — 1. 


Proof: We will prove this by using increasing powers of these distinct 
primes. For  n-p?q?, Бу definition | of ^ DAEFG, 
1,р,р2,4,4%,р4,р74,р47,р747 are the vertices of С. Since, t(n) = 
9, (1, p;) = 1, It is easy to note that the set (p, p°, 0,87, pq, p?q, pq?, p?q?) 
are the only vertices which can contribute a cycle as these vertices are not 
relatively prime to each other. 


(р,р?), (p^, pq), (ра,р 4), (D? q; Pq”), (ра?, а), (4,47) 
(q*, р?д?), (p?q*, p) 
In this way, the powers of n can be taken up to k times. Also, there is no 


other possible edge with 1 as isolated node. Hence, we have a cycle of 
length t(p*q*) — 1. 


, 
~ Cg: 


Theorem 2.4. There exists a cycle of length t(p*q*r*) — 1 in G for = 
ЫТЫ ы К > 2. 


Proof: The proof is a simple consequence Corollary 2.2. 
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Theorem 2.5. There exist a cycle of length 7 (n (vi) — 1) in for G for 


n= pit ph? prs ыды үш where рі < p? < рз... < pr. (Generalized) 


Proof. The proof is obvious. 


Definition 2.1. А subgraph H of G is called is called so it is itself a divisor 
anti-Euler function graph. 


Example 2.1. Let G(d($'(16))) be а DAEFG with vertex set V = 
{1,2,4,8,16}, then Н(а(ф'(8))) with vertex set V = {1,2,4,8} is a sub- 
graph of G. Also, both ІН; and Н, are both DAEFG's. 


Remark 2.1. It is obvious that each Н is itself G. 
Theorem 2.6. G is regular for n = 2*, irregular otherwise. 


Proof: Let n = 2* for С then by definition of G, V = (1,2, 27, 23, ...,2*} be 
the set of nodes. Also, (1, 21) — 1 which gives that 1 is not adjacent with 
any of the nodes among the set of nodes, 1.е., 1 is isolated. Since, 2 is even 
and each of its power is again even 1.е., (2i, 2) ) > 1 also 2* is again even, 
which gives that each node is adjacent to every other node which yield that 
G is a complete graph. Also, degree of each node is same in the connected 
component of G. By using the result of completeness G is also regular for 
n = 2F. Let G be DAEFG, to show that G is regular, each of its vertices 
should have the same degree. 


Theorem 2.7. С is planar except for n = 2*,k > 5. 


Figure 2. DAEFSG for n = 8 and n = 16 
Theorem 2.8. G is not Eulerian for any n. 


Proof: For n 23, (i) if n=p,t(n) = 2, and D(n) = {1,p}. Using 
definition there is no edge between node 1 and the p which gives a null 
graph. (ii) Secondly, if it is not prime then it is a composite number, which 
can be even ог odd. (i)Suppose that it is even then, т(п) = 2m 1е 


Scientific Inquiry and Review 
ЈЕ 
а — SIR 
Volume 7 Issue 4, 2023 


Rehman and Mahmood 


deg (1) = 0 which shows that node 1 is not adjacent with any of the nodes 
so the max possible degree of other nodes can be deg (dj) = t(n) — 
1Vd; € d(n), which is not even, which contradicts the necessity condition 
for elerianity of a graph to have even degree, which gives that G is not 
eulerian. (ii)On the other hand suppose that n is odd, then there аге 
following possibilities. (1) If t(n) = even using above statement, the result 
if obvious. (ii) But, if т(п) = odd, we have all nodes of degree odd in 
number and no such trail passing via all edges, which is the required result. 


Theorem 2.9. G is Hamiltonian for all n — pipip EEE pi for py < 
P2 < Da D < р Vkj > 2. 


Proof. We will prove this result by definition. For any simple G with more 
than 3 noes deg (d;) + deg (d;) > n for every pair of non linked nodes d; 
and d; then G is Hamiltonian. Now, for k — 2, we haven — p?q?d(n) = 
{1,р,р?, q, q^, pq, p1, pq”, p?q?), T(n) = p, Also deg (1) = 0, so other 
remaining 8 vertices constitutes the graph DAEFG, so deg (p) + deg (q) = 
10 > n, since р and q are disjoint vertices, i.e (p,q) = 1. Hence, is the 
result. For k 2 3, we have n = p?q?, then by definition of DAEFG 
L p,p^, p^, q, q^, q^, pq,p^q,p^q.pq^, pq? p*q^, p? GP gp gq, аге 
the vertices. Hence т(п) = 16. and 
(p, p7,p?,q, 4°, q^, pq, p^ q, р q,pq^, pa^ p^ q^, p^ q?, p^ q^, p? q^) be the 
nodes that contribute in the construction of DAEFG. Using Dirac theorem 
the result is again true. It is clear that the result seems true for any of distinct 
primes with generalized powers up to r, which is the required result. 
Secondly, if n = p*and t(n) = even also deg (1) = бапа t(n) - {1} 
nodes form complete graph, which is nowhere Hamiltonian. 


Remark 2.2. G(p) is always a null graph. 
Corollary 2.5. L(G) is connected. 
Theorem 2.10. G is T(n) — {1} for n = р“. 


Proof: Since, G be a DAEFG and using its definition Let G be DAEFG, 
then by definition of D(n) = (1, p, p?, p?, ..., p*} be the set of nodes, and 
t(n) = k + 1. As node is not adjacent with any node i.e., gcd (1;p*) = 1. 
So, in order to color connected part of graph, we need least number of colors 
to assign to its nodes. For this, if we 1 to node p, > to node p? as (p, p?) > 
1, з to node p?, up to son on color , to node р“. There are exactly k colors 
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required to color the set of nodes as gcd (рі, р/ ) > 1, which is the required 
result. 


Corollary 2.6. Proof that х(609)) = т(п) – 1. 


Proof: The proof is a simple consequence of previous theorem that G is k 
colorable for p* as exactly k colors are needed to color its set of nodes. 
Also, it the least number of possible such coloring. 


Theorem 2.11. С 15 t(n)—{1}colorable for any n= 
pi pi? pi? ses NEW for p, < pz <рз..< Pr. 


Proof: Since all primes are relatively prime among each other i.e., 
(pi, vj) = 1 so, they all can be granted with the same color. But it is 
essential to see that deg (p, p ^) > 1. In order to grant separate colors to the 
adjacent nodes, we need r colors as they г in power. Node 1 is in the other 
part of graph so it can be given among any of the granted color. Also, 
|D(n)| = |r(n)| then, t(n) — (1) nodes are in the connected part of С. So, 
X(G) = t(n) – (r + 1). 

Corollary 2.7. (С) = 2 for n = рур». 


Proof: It can be shown easily via definition i.e., т(п) = 4. Also, (p4, p2) = 
1. By Lemma 2.6 depicts that G ~ Ку у for n = рар;. Also, X(Ky) - 2 
which is the required result. 


Proof. By using the definition of G, D (n) = {1, p}. Also, gcd (1, p) = 1 and 
G = М. In this case, exactly one color is sufficient to give both of the nodes 
in order to color G. 


Theorem 2.12. Х (G) = k forn = 2*. 


Proof: Since, the graph has exactly 2 components with 1 as isolated and 
1,p...,p* are the т possible divisors of n, Since, т(п)- {1} vertices 
constitutes Ку у with even cardinality. As all prime powers are not relatively 
prime to each other so they are adjacent via edges, so there is no other option 
but to assign them with a different color. By assigning distinct color to each 
edge, t (n) — {1} colors are needed, which 15 the required result. 


Corollary 2.8. y'(G)) = 2 for n = pip;. 
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Proof: As proved earlier in Lemma 2.6 i.e., G ~ Ку у for n = p,p». Using 
definition of К, у, then its max degree 6 then y'(G) = 6. As D(n) = 
{1, pu p2, рар; ) be the set of nodes and using definition of DAEFG апу two 
nodes are adjacent to each other if gcd (и, v) > 1. Then, node (рар) is the 
only node with the max degree which is exactly 2. So, Y'(G) = 2. 


Proposition 2.27. 7 (6) = y(L(G)). 


Proof: Since, у” be the least possible coloring assigned to edges апа L(G) 
is constructed using edges of G using nodes and y is the least possible 
coloring assigned to nodes. Thus, it can be easily seen that у (6) = 
x(L(G)). 

Proposition 2.28. For n = 2*, D (n) = (1,2, 22, 22,--., 2*) and 1 be the 
isolated node. Using definition of clique, we need a subset of D (n) for all 2 
nodes meet themselves. As gcd (2, pj) = 1, there exist a graph on t(n) — 
1, p no. of nodes. So, in this way the largest possible clique can be t(n) — 
2. For a particular case the graph of DAEFG for n — 36 is shown below. 


Remark 2.3. Here are some useful results regarding DAEFG (1) D(G) — 1 
with least dominating set 1. (i) дег(1)=0 isolated node. (iii) 
дер, ax(v) — t(n) — 1 (iv) O(G) = 2 iffn = p > 2. (iv) deg, ax(v) = 
0 iff n = p (уш) g(G) = 3 


Figure 3. CCC(i), fori 2 1 
3. CONCLUSION 


In this work, we have studied the structure of Divisor Anti Euler Function 
graph DAEFG. We computed its order, degree of nodes, number of 
components, length of cycle, its subgraphs and other graph theoretic 
properties. Furthermore, we found chromatic number, chromatic index, 
Hamiltonicity, Eulerianity, regularity and bipartiteness. In future, we find 
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DAEFG for any n above discussed graph theoretic properties for arbitrary 


n. 
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ABSTRACT 


The global concern of heavy metal toxicity has affected all nations, as the 
discharge of agricultural runoff and untreated industrial waste into water 
bodies, including rivers, leads to environmental toxicology. This increased 
level of heavy metals poses risks not only for marine life but also to those 
who consume them. While fish is an important protein source, consuming 
contaminated fish containing high levels of heavy metals can have severe 
adverse effects on human health. Therefore, it is crucial to address these 
pollution sources effectively in Pakistan, where a significant portion of the 
population relies on agriculture and fishing for their living. The country's 
rapid industrialization and urbanization have substantially increased 
pollutants in its rivers and other water bodies. The current body of research 
has indicated that the elevated levels of heavy metals in the ecosystem, 
including the Indus River, pose a significant threat to the local ecosystem 
and the well-being of marine life. Heavy metal pollution in Pakistani rivers 
originates from multiple sources, such as industrial effluents, agricultural 
runoff, and municipal waste. The unregulated discharge of industrial waste 
into rivers is a major contributor to heavy metal pollution in Pakistani rivers. 
Moreover, the excessive and uncontrolled use of fertilizers and pesticides 
in agriculture equally contributes to the contamination of rivers with heavy 
metals. The current study is a review article, which provides a 
comprehensive explanation of how environmental toxicology affects the 
ecosystem, especially concerning the rivers of Pakistan. 


Keywords: contaminated fish, environmental toxicology, fish, river, heavy 
metals, uncontrolled pollution 
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1. INTRODUCTION 


Over the last few decades, water has become a matter of concern for the 
developing countries. Among many other organic and inorganic pollutants 
our rivers are getting contaminated with environmental toxicology, creating 
a harmful impact on the aquatic life. Particularly, this aquatic system has 
various uses, which are used for sawmills and sand mining, as well as, for 
daily life activities, such as bathing, washing, and sanitation [1]. 
Anthropogenic activities pose negative impact on natural water bodies. 
Heavy pollutants that are discharged from homes, businesses, and 
industries, may have a negative impact on the river's capacity to provide 
clear and fresh drinking water, which is essential to serve as a habitat for 
the ecosystems. Fish are commonly employed as bio-indicators to evaluate 
the contamination level in the aquatic environment [2]. Ngugi and Oyoo- 
Okoth [3] asserted that up to 8096 of plant protein concentrates an organic 
form of Cr that can be substituted for fishmeal. The decline in fish 
populations and fisheries could have an adverse impact on the overall 
population growth and economic factors [4]. Since fish is a significant 
source of protein, it's critical to ensure its safety and superiority for better 
fish production. Since eating contaminated fish can have negative health 
effects, heavy metal contamination in fish has received extensive research 
on a global scale [5]. Since it contains omega-3 fatty acids, DHA, and EPA, 
fish offers a complete dietary package of energy, protein, amino acids, 
vitamins, and minerals. Moreover, fish has also been linked to positive 
health effects like protection against diabetes and cardiovascular diseases. 
Furthermore, fish's health benefits were negated (cancelled) Бу 
contamination, and consumers may experience health risks [6]. As itis used 
as food, Southeast Asian countries frequently cultivate the Indian major 
carp Cirrhinus mrigala, also known as the Mrigal fish [7]. Monitoring the 
amount of heavy metals in Mrigal fish is crucial because eating tainted 
Mrigal fish could be harmful to one's health [8]. According to scientific 
knowledge, the presence of toxic metals in aquatic ecosystems has 
detrimental properties on the organisms inhabiting them due to their 
persistent nature and tendency to accumulate. Sub-lethal effects resulting 
from heavy metal pollution or toxicology can significantly affect the long- 
term growth, reproductive capabilities, and overall survival of organisms in 
the ecosystem. [9] . The following metals are indicated below, which are 
poisonous for the fish species and ecosystem. 
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1.1. Cadmium 


The aquatic environment and the crust of the Earth both contain 
significant concentrations of cadmium, a highly toxic heavy metal that has 
a detrimental effect on fish survival, development, and reproduction\Cd 
accumulation in fish tissues, particularly the kidneys, liver, and gills, which 
can result in a number of physiological and structural issues [10]. Fish are 
the primary predators in aquatic ecosystems, making them particularly 
susceptible to Cd pollution. The accumulation of Cd in their tissues may 
negatively affect their gills, liver, gonads, and other organs, which may 
cause problems with their metabolism, physiology, and reproduction, as 
well as, cause death [11]. Within aquatic environments that have been 
contaminated with cadmium (Cd), fish can experience stress due to the 
presence of ROS (reactive oxygen species) and RNS (ribonucleic acid 
enzymes) [12]. 


1.2. Lead (Pb) 


Lead (Pb) is a compound that is found at low concentrations in the crust 
of the earth, predominantly as sulfide. The origins of lead emissions differ 
significantly based on their location and stages. However, on a country- 
wide scale, the primary contributors to airborne lead are the processing of 
ores and metals, as well as piston-engine aircraft that utilize leaded aviation 
fuel. Other significant contributors include waste incinerators, utilities, and 
manufacturers of lead-acid batteries. Generally, the air around lead smelters 
contains the most concentrated levels of lead. Depending on the dosage, 
lead (Pb), a heavy metal with toxic effects on health, can cause a wide range 
of negative effects. The developing central nervous system (CNS) is more 
susceptible to toxicity from Pb than other organ systems. Children are more 
susceptible to Pb toxicity when compared to adults because of the increased 
hand-to-mouth activity and intestinal absorption. In children and adults, it 
can cause several health problems, including renal failure, and coma, 
ultimately leading to death. Pb is considered a non-essential component, 
which is widely recognized due to its toxicity, which can lead to 
nephrotoxicity, neurotoxicity, and various detrimental impacts [13]. Trash 
fish used in the production of feed may have contributed to the high Pb 
levels found in fish feed and cultured tilapia. The results of the study 
indicated that the majority of the samples of raw, tank, and tap water from 
the lakes of Darbandikhan and Dokan, which were tested between June 
2012 to May 2013, for a few water safety parameters had high levels of 
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heavy metals like Cd and Pb, exceeding the thresholds advised by the WHO 
and FAO organizations. 


1.3. Nickel 


The chemical element nickel (Ni) which makes up about 3% of the 
Earth's crust, is naturally distributed in the air. Along with iron, cobalt, 
palladium, platinum, and five other elements, it is a part of group VIII B of 
the periodic table and a member of the transition series. Despite being 
common, nickel is harmful to living things. However, it is released into the 
air through fossil fuels and other various natural and anthropogenic 
activities. A study conducted [14] indicated that red blood cells (RBC) of 
Cirrhinus mrigala exposed to sub-lethal nickel concentrations showed a 
reduction in RBC count. It was also discovered that there was a correlation 
between nickel concentration and fish mortality. One of the natural sources 
of atmospheric nickel is wind-borne dust from soil and rock weathering, 
volcanic emissions, vegetation, and forest fires. Most anthropogenic 
sources of nickel in the environment are both stationary and mobile, 
including burning coal, diesel, and fuel oil as well as sewage, waste, and 
other materials [15]. Several prior studies have discussed the hazardous 
effects of Ni, which are highly reported in the urban atmosphere. 


1.4. Copper 


Copper is an essentially significant element, which is present in dietary 
products. Copper (Cu) acts as an enzyme that reduces the molecular oxygen 
by creating approximately a tolerable intake level. Тһе majority of the 
organisms regulate copper, a vital element required for hemoglobin 
synthesis and for the functioning of numerous enzymes. However, research 
has shown that aquatic life, such as fish, invertebrates, and amphibians, can 
be extremely toxic to copper (Cu) and are all equally sensitive to chronic 
toxicity [16]. Organs of fish and mollusks frequently accumulate copper. 
Lamellae fusion has been associated with chronic copper exposure, whereas 
aneurysms and edema have been associated with short-term copper 
exposure [17]. Due to their direct exposure to water, fish gills are the initial 
organs to respond to environmental pollution, making them highly 
susceptible to the detrimental impacts of copper accumulation. Copper can 
also change the cellular makeup, glucose metabolism, and salt balance of 
fish. Due to fish efficiency bioaccumulators and heavy metals like copper 
can easily accumulate in their tissue, which could be harmful to human 
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health [18] and others. The primary goal of conducting a histopathological 
study is to analyze cellular biomarkers that offer valuable insights into the 
condition of an organism. Notably, the study revealed notable necrotic and 
degenerative changes in the intestinal mucosa of Oreochromis niloticus and 
Lates niloticus. Additionally, it has been suggested in some sources that the 
consumption of toxic metals may contribute to the development of edema 
[19]. In a likewise manner, a higher level of Copper (Cu) was reported in 
the aquatic systems of Pakistan, which can cause bioaccumulation in plants 
and irrigated vegetables. 


2. MECHANISM OF ACTION HEAVY METALS IN AQUATIC 
SYSTEMS OF PAKISTAN 


Heavy metals, when present in high concentrations, pose toxicity to fish 
and other aquatic organisms. These substances can enter water bodies 
through various sources, including industrial wastewater, agricultural 
runoff, and atmospheric deposition. Upon entering the water, toxic metals 
have the potential to accumulate within fish tissues, leading to detrimental 
consequences. The toxicity of heavy metals in fish is mediated through 
complex biochemical, physiological, and behavioral processes. Oxidative 
stress is a significant mechanism underlying the toxic effects of heavy 
metals in fish. Metals such as cadmium, lead, and mercury can induce the 
production of ROS in fish tissues, leading to oxidative impairment to lipids, 
proteins, and, DNA. Consequently, this oxidative damage can cause cellular 
harm, disrupt physiological processes, and potentially result in cell death. 
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Figure 1. Heavy Metals' Mode of Action in Lakes and Ponds 


Scientific Inquiry and Review 


2— SIR 


Volume 7 Issue 4, 2023 


Chatha et al. 


For instance, [20] Yang, Hu [21] 's recent research on crucian carp found 
that exposure to cadmium interfered with the ion transport mechanisms in 
the fish's gills, impairing osmoregulation and acid-base balance. 
Furthermore, heavy metals can disrupt various biochemical pathways in fish 
production by interfering with their enzymatic functions. For instance, the 
enzyme acetylcholinesterase, which is essential for the proper functioning 
of fish nerves, can be inhibited by lead, as indicated by the recent 
investigation by [22] . (See Figurel). 


3. HEAVY METAL EFFECT ON EMBRYONIC 
DEVELOPMENTAL OF FISH 


According to [23], environmental pollutants, including waterborne 
metals have detrimental effects on fish embryos and larvae, which are 
considered the life stages with most vulnerable and toxic impacts. The 
presence of metals in the water can interfere with the development of fish 
embryos, potentially leading to adverse outcomes. Numerous studies have 
demonstrated that heavy metals can have a negative impact on developing 
fish production, especially in their embryonic and larval stages, causing 
high mortality rates, delayed hatching, abnormal body shape, and physical 
anomalies [24]. The effects resulting from heavy metal exposure encompass 
several detrimental outcomes, such as stunted growth rate, delayed and 
diminished hatching, reduced survival rates of embryos and larvae, and 
hatching that is both reduced and delayed. A recent study indicated that 
heavy metal toxicity specifically affects marine fish embryos and larvae, 
leading to reduced hatchability [25]. Much research has been conducted to 
investigate the toxic effects of these heavy metals on fish embryos and 
larvae, resulting in a substantial body of literature on this topic. For instance, 
zebrafish embryos exposed to cadmium concentrations similar to those 
tested in the current study from the gastrula stage onwards manifested a 
definite delay in hatching. Additionally, the newly emerged larvae had 
diminished swimming abilities [26]. 


3.1. Effect Fish Production 


It has been noted that the buildup of toxic substances causes aquatic 
organisms, including fish, to experience a decline in growth and 
reproduction. Fish deformities can alter a fish's chances of surviving, thus, 
leading to the decline rate of growth, welfare, and external morphology, all 
of which can have a devastating impact on populations. Deformities of the 
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vertebral column are among the most frequently described fish deformities 
in the literature [24]. Fish exposure to sub-lethal levels of metal mixtures 
can have detrimental effects on the overall fish growth and health. Metal 
mixtures can have a wide variety of effects on fish. Fish species' responses 
to food intake, food conversion efficiency, weight increments, and length 
increments, were discovered to be significantly different due to their 
exposure to metal mixtures, indicating significant effects on their growth 
[27]. In treated fish species, weight and fork/total lengths were found to be 
negatively correlated and statistically significant, while in control fish 
species, the correlation was positive but not statistically significant, [28, 
29]. The study revealed a significant and positive correlation between 
weight gains, condition factors, and feed intake in both the treated and 
control fish species. This observation emphasized the link between fish 
condition and the quantity of feed consumed, which impacts the degree of 
weight gain. The study specifically focused on grower pond cultures of 
Cirrhina mrigala, Labeo rohita, and Сапа catla [30] a long-term impact 
on growth, net fish production, and yield when fingerlings were exposed to 
lead (Pb) at sub-lethal concentrations. The study determined that the growth 
and yield of the fish species were adversely affected by sub-lethal lead 
exposure. This conclusion was based on observations of reduced weight 
gain, fork, and total length gains, as well as a decrease in net fish production 
[31, 32]. The study examined how the chemical properties of water can 
influence the growth capacity of Ctenopharyngodon idella апа 
Hypophthalmichthys molitrix under sub-lethal stress as induced by a 
mixture of metals. The findings further also revealed that the growth of both 
fish species was significantly affected by the physico-chemical 
characteristics of the stressed media [31]. 


3.2. Removal of Heavy Metals 


To keep the environment clean and boost human health, heavy metal 
ions must be successfully removed from wastewater. Numerous techniques, 
such as electrocoagulation, adsorption using synthetic and natural materials, 
the use of magnetic fields, sophisticated oxidation techniques, membranes, 
and others, have been developed to deal with this issue [33, 34]. According 
to Zhang and Hou [35], the sequential extraction method facilitates the 
understanding of metal movement in soil and groundwater. Physical 
remediation techniques, such as washing, soil extraction, solidification, and 
stabilization offer viable means of removing heavy metals from soil. 
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However, among the various methods available, adsorption is considered 
the maximum capable approach for the elimination of toxic metals. This is 
mainly because of its high effectiveness, broad pertinence, and its cost- 
effectiveness. Iron Magnesium oxides have become a commonly utilized 
adsorbent due to their simple preparation, abundant availability of raw 
materials, and minimal environmental impact. Regarding the deletion of 
these toxic metals from solutions, the main methods include ion exchange 
utilizing iron-manganese oxide nanomaterials and redox reactions. Further 
research is needed in these areas to enhance our understanding and optimize 
the utilization of these materials for effective removal of heavy metals [36]. 
Various physical techniques like ultrafiltration, coagulation, flocculation, 
adsorption, membrane filtration, and ion exchange are employed for heavy 
metal removal from water. Chemical strategies encompass neutralization, 
solvent extraction, chemical precipitation, and electrochemical treatment. A 
number of these methods are commonly adopted for the removal of heavy 
metals from water. These methods can be used individually or in 
combination depending on the specific situation and the types and levels of 
heavy metals, which are required to be removed. Each method has its own 
benefits and drawbacks and the choice of method would depend on a variety 
of factors including its cost, effectiveness, and environmental impact [37]. 


4. HEAVY METAL POLLUTION IN RIVERS OF PAKISTAN 


According to the provided sources, the deterioration of the Indus River 
and other wetlands in Pakistan has resulted in heightened health hazards for 
the nearby communities. Although aquatic systems are vital sourcess of 
freshwater for the ecosystems that support all forms of life, their 
deteriorating water quality poses a severe threat to their long-term survival. 
Globally, rivers play a pivotal role as critical waterways, serving as the 
primary source of the water resources that are being utilized for agricultural, 
industrial, and domestic purposes [38, 39]. 


Ali, Khan [40] ensuring the well-being of the aquatic ecosystem 
necessitated diligent monitoring of river water quality. Furthermore, 
evaluating the concentration of these toxic metals in fish species is of utmost 
importance because of their significant role in the human diet and the 
potential risks they pose to public health [41]. The River Shah Alam, located 
in Khyber Pakhtunkhwa, Pakistan, has faced pollution issues caused by the 
release of many toxic industrial sewages, agricultural runoff, and local mess 
from Peshawar and its surrounding areas. Previous studies have 
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demonstrated that sub-lethal exposure to lead (Pb) can negatively impact 
the immune systems of tilapia fish (Oreochromis mossambicus). By 
assessing the effects of these toxic metals, the study aimed to gain insights 
into the potential contamination and associated risks for the aquatic 
ecosystem and the fish inhabiting the river. The river systems in Pakistan 
have been adversely affected by the excessive discharge of metallic 
compounds, resulting in a decline in freshwater fisheries specifically in the 
river Ravi [42]. The release of effluents into lakes resulting from rapid 
urbanization and industrialization is a significant global issue, contributing 
to the presence of various toxic pollutants in the aquatic environment. 
Among these pollutants, heavy metals are particularly concerning due to 
their persistent nature and the potential for biological accumulation [43]. 
Water bodies like rivers, lakes, and oceans are frequently subjected to the 
disposal of heavy metals, which can subsequently accumulate in fish 
through multiple routes, including ingestion, skin contact, and gill 
absorption. As a result, fish can accumulate these traces of heavy metals at 
significantly higher levels than their concentrations in the surrounding 
water. The accumulation of heavy metals in fish through the process of 
bioaccumulation presented a potential hazard to both aquatic ecosystems 
and human well-being [44]. The increased concentrations of nickel (Ni) 
found in water samples taken from three rivers in District Charsadda, 
Khyber-Pakhtunkhwa, Pakistan, are attributed to the discharge of effluents 
originating from pharmaceutical industries [45]. The Faisalabad city, in 
Pakistan is a major contributor to this pollution, as it releases both industrial 
and municipal waste into the river through the Chakbandi drain. 
Consequently, the river exhibits high pollution levels, resulting in reduced 
water productivity and a significant increase in the bioaccumulation of 
pollutants in the muscle tissues of fish, particularly in the case of Cirrhinus 
mrigala. Elevated levels of heavy metals have detrimental effects on the 
overall well-being of fish, leading to disruptions in their normal 
physiological processes [46]. A recent investigation conducted on the 
Panjkora River yielded similar findings, demonstrating elevated 
concentrations of heavy metals in fish organs [47]. Factors such as age, sex, 
size, diet, and movement patterns can all contribute to metal accumulation 
in fish. Additionally, environmental factors like pH, temperature, calcium 
concentration, and water hardness can also impact metal accumulation. 
Unregulated disposal of industrial and agricultural waste, rapid 
urbanization, and population growth are the leading causes of water 
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pollution [48] as per the citation, the Swat River is a significant source of 
water for the Swat district that begins in the mountains (glaciers) of Kalam 
before running longitudinally through the Swat district and entering the Dir 
district at Chakdara. In the study conducted along the River Swat, which 
harbors valuable fish species like Oncorhynchus mykiss and Shizothorax 
esocinus, the prime objective was to evaluate the presence of heavy metal 
contamination in different environmental components, such as water, 
sediments, algae, and fish tissues. Тһе research revealed that 
Graptophyllum reticulatum, in particular, exhibited higher concentrations 
of heavy metals in its muscles, skin, liver, and gills as compared to Cyprinus 
carpio. The accumulation of these metals within fish cells poses a potential 
risk of fish mortality [49]. The release of untreated industrial wastewater 
into rivers and streams is a significant concern in Pakistan, leading to 
freshwater pollution. Shockingly, approximately 99% of industrial 
wastewater is discharged without undergoing any form of treatment [50]. 
A startling revelation was uncovered concerning the amount of lead (Pb) 
found in fish samples. The research results indicated that both 9096 of the 
fish procured from the main market and every sample taken from retail 
shops, exceeded the international acceptable limit of 0.123g for lead 
content. This revelation is profoundly agonizing, as high lead 
concentrations in fish not only present health hazards to consumers but also 
to the fish farmers engaged in the cultivation process [51]. In this study, the 
bioaccumulation of lead (Pb) and cadmium (Cd) in the gills, swim bladders, 
and muscle tissues of Tor putitora fish species were examined. The species 
(fish) samples were collected from three sites in District Swabi, Khyber 
Pakhtunkhwa, Pakistan (Batakra, Ghazi, and Kund) between February and 
April 2016 [52]. (See Table 1) 
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Table 1. Heavy Metal Pollution in River of Pakistan 


Pase Location Metals Method Effect References 
Water samples 
Bioaccumulation in Fish liver exhibited the highest tendency to 
ова | Baloki fish organ by flame accumulate both cadmium and chromium, 
Cirrhina mrigala, Headworks сше atomic absorption while the accumulation of both metals was [22] 
spectrophotometer the minimum in fish gills. 
River Cu,Cr, Ni, Pb, Bioaccumulation А Is arenis s СОКА a {he 
Water samples inhabitant fish population and in turn [53] 
Kabul Cd AAS i. : 
productivity of the river. 
5 ; Oxidative stress is brought оп, which 
Bioaccumulation 
: : harms the cellular structure of body 
Я : Nandana Cu, Cr, Fe, Ni, by flame atomic н 
Cyprinus carpio, Е É organs. No metal was discovered to [54] 
River, Pb absorption EOM ; 
individually present a risk to non- 
spectrophotometer 
cancerous health. 
5 Р Bioaccumulation of nickel (Ni) in fish 
Воо muscles, the elevated concentrations of 
Schizothorax River Cu, Pb, Cr, Ni, fish organ by flame ; C à 
EE Panik Cd ND EUR Ni found in the fish samples may be [551] 
Ре J p attributed to the introduction of this 
spectrophotometer : 
metal into the river waters. 
Schizothorax | Pb, Cr, Ni, and Bioaccumulation Schizothorax plagiostomus exhibits the 
: River Swat atomic absorption highest accumulation of chromium (Cr) [56] 
plagiostomus Zn Е : 
spectrophotometer. in both the gills and muscles 
Goal Hazard Ratio The calculated cancer risk associated 
| | with nickel (Ni) for the given fish 
Atomic absorption қ қ 
Glyptothorax Jindi Б BIOS species exceeded the accepted risk 
punjabensis) Е Cr,Cu,Ni,Mn.Co P p i level. Among the three fish species [57] 
Khyali cancer risk at the а С à 
examined, Cyprinus carpio 


Cyprinus carpio 


target, and danger 
index. 


demonstrated the highest health risk, 
followed by Glyptothorax punjabensis. 
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Pih ud Location Metals Method Effect References 
Water samples 
Vacuoles of varying sizes were 
observed in the affected liver cells, 
RENE : Е indicating cellular damage. 
ПОРЕ ОНА и СЕННЕН. 2 
Wallago Islam Atomic absorption [58] 
attu, Catla catla (Hasilpur) eH spectrophotometer "шнш ыы 
í а рш» P P observed between the hepatocytes, 
along with dilation in hepatoportal 
blood vessels 
The activity of CAT enzyme was 
| i higher in kidneys and gills of farm fish 
Cirrhina mrigala пок Zn,Ni,Cu Snes DUO compared to the liver of hatchery fish. [59] 
River Spectrophotometer ae : E 25 
Variations in antioxidant defense 
system. 
3 з Fish can be harmful and toxic. In order 
Bioaccumulation Е : 
nar to harm fish, Cu2+ can actively 
Schizothorax River Qu^ Zn EN bem combine with other substances and 
niger Jhelum Pb?* and Fe?* ag .' elements like ammonia (NH3, Hg, and [60] 
Atomic Absorption М кару 
Zn2+). May result in a reduction in fish 
Spectrophotometer m 
fertility. 
In the liver of CF fish, the activity of 
superoxide dismutase (SOD), catalase 
(CAT), glutathione (GSH), and lipid 
Spectrophotometer peroxidase (LPO) was observed to be 
Labeo calbasu О Cr,PB,Zn ысы NES compared to AE а арлар [61] 
River. АА800) Furthermore, the HF fish exhibited 


higher levels of Cr, Co, Cu, and Fe in 
their muscle tissues compared to CF 

fish. As fish muscles are a significant 
edible portion, these findings raise 
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Pi ud Location Metals Method Effect References 
Water samples 
concerns about the potential health 
risks for consumers. 
Metal buildup results in oxidative 
Head Atomic stress that is toxic and causes 
Labeo rohita Balloki Hg fluorescence genotoxicity as well as the usual [62] 
spectrometer. changes in SOD, CAT, and MDA 
levels. 
nu Rawal Cd, Co, Cr, Cu, FE ec Carcinogenic and non-carcinogenic [63] 
Lake, Fe effects in fish == 
spectrophotometer 
The fish demonstrated higher 
bioaccumulation of essential metals 
such as zinc (Zn) compared to toxic 
Indus Coupled plasma metals like lead (Pb). However, the 
5 5 е : (Mn, Pb, Zn, Hg ; nib : 
Cyprinus carpio) River in auc optical emission elevated concentrations of manganese [64] 
Mianwali spectroscopy. (Mn), mercury (Hg), and chromium 
(Cr) in fish muscles could potentially 
pose health risks to individuals 
consuming these fish 
River өне АҺ кенін Тһе metals that were most concentrated 
Labeo rohita Cr,Fe in both species' gills and livers were [65] 
Kabul Spectrophotometer : - 
chromium and iron. 
Using the hydride The fishing community encountered 
generation method, various health problems, including 
8 River an atomic muscle pain, headaches, visual 
Бавио нинајине Swat. НЕ absorption surement high arterial blood [66] 
spectrometer (GBC pressure, anemia, and kidney 
932 plus). dysfunction. 
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к. us Location Metals Method Effect References 
Pakistan З 3 
; ; (northern Atomic Absorption сис шич ичи НОЕ P 
Sarda orientalis : Zn Mn,Cu Cd posed by metal contamination in [67] 
Arabian Spectrophotometer b 
marine fish. 
Sea) 
The kidney, liver, and muscles all had 
пита Tarukri Cd,Fe, Pb, Ni, Atomic Absorption the highest concentrations of heavy 
Ponce. Drain Zn Spectrophotometer, metals cause a variety of harms to fish, [68] 
, Bioaccumulation and its consumers may also be at risk 
for health problems. 
Fish exposed to heavy metals 
experience pathological changes and a 
ИК ОЛИ ОИ ӘЦЕЕ disruption in the release of 
DUNS Shah Alam Cr, Ni, Pb,Cd AAS reproductive hormones. Fish exposed [40] 
to Cr experience biochemical, 
haematological, and behavioural 
changes. 
Atomic absorption Oxidative stress was assessed using the 
catalase (CAT), glutathione S- 
SHAHPUR Pb, Cu, Cr, Fe, SR КЕЛЕР E transferase (GST), and reduced 
CYPRINUS CARPIO) Р cancer risk, and . cM | [54] 
DAM Ni) hazard index (HI) glutathione (GSH) activities in the liver 
(CR) and gill of Cyprinus carpio. DNA 
damage 
Pra SAA Damage to the kidney can result in 
ор 4 ДЕ chronic toxicity, which can also cause 
"mE HEAD Cd,Hg by Zeeman (Z- body tumours, liver dysfunction, poor [69] 
PUNJNAD 5000. Hitachi chances for reproduction, loss of 
To routine kidney functions, and 


hypertension. 
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5. CONCLUSION 


This study crucially highlighted that the presence of heavy metals 
creating environmental toxicology has severely impacted the ecosystem by 
raising several significant environmental concerns that demand immediate 
attention. Water bodies, such as rivers, become contaminated due to the 
release of untreated industrial waste and agricultural runoff containing 
heavy metals. Fish play a pivotal role in the food chain and can potentially 
become a source of heavy metal exposure for both aquatic creatures and 
people who consume them. Addressing this problem requires collaboration 
among the public, private, and local communities to highlight the need to 
necessitate to develop sources, which will decrease the industrial effluents 
and increase fish production. The government should enforce stringent 
regulations and implement robust monitoring mechanisms to ensure that 
industries adhere to environmental standards and refrain from releasing 
hazardous waste into water bodies. In conclusion, the heavy metal analysis 
conducted in this study addressed the complex issue of contamination of 
environmental toxicology in Pakistani rivers. Moreover, using the fish 
sample, it was highlighted that a comprehensive approach involving various 
stakeholders was required to sustain the fish production and ecosystem. 
Additionally, it was indicated that by working together, the sustainable 
utilization of natural resources can be ensured to promote the well-being of 
the communities. Industrial growth, coupled with poor waste management 
strategies, has led to a significant degradation in the quality of water bodies. 
Hence, several key contaminants, including untreated industrial effluents, 
municipal waste, agricultural runoff, and improperly disposed-of domestic 
waste, all of which have turned the aquatic systems into repositories of 
pollutants, increasing the nature of heavy metals and toxins. 


In particular, toxic heavy metals and microplastics have been identified 
as severe threats to both aquatic ecosystems and human health. Their 
presence has not only disrupted the riverine ecology but also entered the 
food chain, affecting people and other organisms at higher trophic levels. 
Moreover, the high levels of organic pollutants have depleted oxygen levels 
in the water, leading to massive fish die-offs and the destruction of aquatic 
biodiversity. 
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